
























論⽂⼀覧  P. 004 
参考論⽂⼀覧        P. 005 
略称⼀覧        P. 006 
 
序論         P. 009 
 
Chapter 1. 有機触媒を⽤いたエストラジオールメチルエーテルの 5-ポット合成 P. 021 
1. 序論         P. 023 
2. 有機触媒不⻫ドミノ Michael/aldol 反応の開発    P. 030 
3. エストラジオールメチルエーテルの全合成    P. 036 
4. エストラジオールメチルエーテルの 5-pot 合成    P. 046 
5. 結論         P. 054 
 
Chapter 2. 軸に関する⽴体化学情報の反転を伴う有機触媒を⽤いた軸不⻫分⼦の 
新規合成法とその反応機構     P. 059 
1. 序論         P. 061 
2. 軸に関する⽴体化学の反転を伴う軸不⻫分⼦の新規合成法の開発  P. 073 
3. 軸に関する⽴体化学の反転現象の反応機構に関する検討   P. 078 
4. 結論         P. 083 
 
Chapter 3. 軸不⻫分⼦の新規⾼⽴体選択的エナンチオダイバージェント合成法 P. 087 
1. 序論         P. 089 
2. 軸不⻫分⼦の新規エナンチオダイバージェント合成法の開発  P. 092 
3. エナンチオダバージェント現象の反応機構に関する検討   P. 099 
4. 結論         P. 104 
 
Chapter 4. 固相担持型 diphenylprolinol alkyl ether の開発とその活性評価 P. 107 
1. 序論         P. 109 
2. 有機触媒のポリマーへの固定化とその活性評価    P. 112 
3. 結論         P. 125 
 








1) Pot-economical total synthesis of estradiol methyl ether through the use of an 
organocatalyst 
Yujiro Hayashi, Seitaro Koshino, Kanna Ojima, Eunsang Kwon 
Angew. Chem. Int. Ed. 2017, 56, 11812-11815. DOI: 10.1002/anie.201706046 
2) Total synthesis of estradiol methyl ether and its five-pot synthesis with an organocatalyst 
Seitaro Koshino, Eunsang Kwon, Yujiro Hayashi 
Eur. J. Org. Chem., 2018, 41, 5629-5638. DOI: 10.1002/ejoc.201800910 
 
Chapter 2 
Inversion of the axial information during oxidative aromatization in the synthesis of 
axially chiral biaryls using organocatalyst as a key step 
Seitaro Koshino, Akira Takikawa, Keiichi Ishida, Tohru Taniguchi, Kenji Monde, 
Eunsang Kwon, Shigenobu Umemiya, Yujiro Hayashi 
Chem. Eur. J. 2020, 26, 4524-4530. DOI: 10.1002/chem.201905814 
 
Chapter 3 
Enantiodivergent one-pot synthesis of axially chiral biaryls using or- ganocatalyst-
mediated asymmetric domino reaction and chirality transfer from central to axial 
Seitaro Koshino, Tohru Taniguchi, Kenji Monde, Eunsang Kwon, Yujiro Hayashi 
The manuscript is submitted. 
 
Chapter 4 
Amphiphilic immobilized diphenylprolinol alkyl ether catalyst on PS-PEG resin 
Seitaro Koshino, Shusuke Hattori, Shota Hasegawa, Naoki Haraguchi, Takeshi 
Yamamoto, Michinori Suginome, Yasuhiro Uozumi, Yujiro Hayashi 
Bull. Chem. Soc. Jpn, ASAP 
 5 
参考論⽂⼀覧 
1) Formal synthesis of ezetimibe using a proline-mediated, asymmetric, three-component 
Mannich reaction 
Yasuharu Shimasaki, Seitaro Koshino, Yujiro Hayashi 
Chem.Lett., 2016, 45, 30-32. DOI: 10.1246/cl.150916. 
2) Asymmetric synthesis of biaryl atropisomers using an organocatalyst‐mediated domino 
reaction as a key step 
Yujiro Hayashi, Akira Takikawa, Seitaro Koshino, Keiichi Ishida 













CD circular dichroism 
cod cyclooctadiene 





DFT density functional theory 
DIBAL diisobutylalminium hydride 
DIPEA diispropylethylamine 
DMAP dimethyl amino pyridine 
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ee enantiomeric excess 
Et ethyl 
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o-tol o-toluyl 
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Ph phenyl 




PS-PEG polystyrene-polyethylene glycol 
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py pyridine 
TBAF tetrabutylammonium fluoride 
TBAI tetrabutylammonium iodide 
tBu tertiary butyl 












































みも古くから⾏われている。Hajos らおよび Eder らのグループはそれぞれ独⽴にプロリ
ンを有機触媒として⽤いることでトリケトン 1 の不⻫ Robinson環化反応が⽴体選択的に
進⾏することを報告し、⽣成物 2 は近年でも様々な化合物の全合成に広く利⽤されている 
(式 1) [4]。この分野は 2000年の List, Barbas らのプロリンを⽤いた不⻫ Aldol 反応 (3+4 
to 5)(式 2)[5]およびMcMillan らによるキラルイミダゾリジノンを⽤いた不⻫ Diels-Alder


















n = 1 : 100%, 93% ee






























up to 97%, 96% ee
3 4 5
Hajos-Parrish-Eder-Sauer-Wiechert reaction
List-Barbas asymmetric aldol reaction McMillan asymmetric Diels-Alder reaction





















































Diarylprolinol silyl ether は上記の背景の中で 2005年に Hayashi, Jorgensen らによって
それぞれ独⽴に開発された有機触媒である[8]。Jorgensen らは 2005年、アルデヒド 9 とス
ルファニルトリアゾール 10 を⽤いた不⻫スルファニル化反応において diarylprolinol silyl 




また、林らも同年に飽和アルデヒド 12 とニトロオレフィン 13間における不⻫ Michael
反応において、diphenylprolinol silyl ether が⾼収率、⾼⽴体選択的に⽬的物を与えること




ドミノ反応へと展開することが可能である。これを⽤いて Enders らはアルデヒド 12、ニ

























S PhAr = 3,5-CF3-C6H3
up tp 94% yield
























up to 85% yield
         syn:anti =96:4
























up to 56% yield
         10:1 dr
















up to 92% yield
         99% ee
 14 
⼀⽅で本触媒はイミニウムを経由する反応にも広く適⽤可能である。林らは 2005年に
本触媒を⽤いた不飽和アルデヒド 15 とニトロメタンとの不⻫ Michael 反応を報告した(式 





ノ反応に利⽤することも可能である。2005 年、Enders らは不飽和アルデヒド 15 と 2-ニ
トロメチルベンズアルデヒド 21 との不⻫ドミノ Michael/aldol 反応が⾼⽴体選択的に進








いる (Figure 2)。 
また本触媒は天然のアミノ酸であるプロリンから容易に誘導されるため、安価かつ安
定的な供給が可能である。以上の特徴から Diphenylprolinolsilyl ether は様々な全合成へ
も利⽤されている代表的な有機触媒の⼀つである。また安価かつ安定で取り扱い容易とい
う特徴のため産業界からも着⽬されている。例として Merck は diphenylprolinol silyl ether
を⽤いたニトロメタンと不飽和アルデヒドとの不⻫ Michael 反応を⽤いた偏頭痛治療薬
















up to 94% yield
















up to 75% yield



















































Figure 3. ポットエコノミー 




オセルタミビル の 1 ポット合成[17]、プロスタグランジン E1 メチルエステル の 3 ポッ
ト合成[18]などを報告している(Figure 4)。 
 
Figure 4. ポットエコノミーを指向した天然物および医薬品の全合成例 
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Total   5 pots
Total 15% yield
Total   4 FCC purification
Total 12 pots
Total 4.5% yield
Total 10 FCC purification
Asymmetric domino Michael/aldol reaction
CHO













































































up to 99% ee
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Figure 4. 医薬品として利⽤されているステロイド 
医薬品として⽤いられる合成ステロイドの多くは天然物からの半合成によって⽣産さ
れている。副腎⽪質ホルモン誘導体の半合成にはヤムイモの成分であるサポニンのアグリ










































































テロンの全合成および Volhaldt らによるエストロンの全合成を⽰した。 
1951年、R. Robinson、J. W. Cornforth らはステロイド、アンドロステロンの全合成を
報告した (Scheme 1)[5]。アンドロステロンは副腎⽪質ホルモンの⼀種であり、⽣物から
は極微量しか単離されないため、有機合成による⼈⼯的な供給が望まれていた。Robinson
らは 1,6-ジヒドロキシナフタレン 1-1 より合成を開始し、鍵反応としてケトン 1-2 とメ




Scheme 1. R. Robinson, J. W. Cornforth らによるアンドロステロンの全合成 
鍵反応である Robinson環化はその後ステロイドやテルペンの合成における最重要反
応の⼀つとなった[6]。また、1970年前半には U. Eder らと Z. G. Hajo らのそれぞれのグ
ループによって、プロリンを触媒としてジケトン 1-4 からの不⻫触媒的 Robinson環化に
よるビシクロ[4.3.0]ノナン 1-5 の合成が報告された (以下、本反応を HPESW (Hajos-




























n = 1 : 100%, 93% ee





1971年、W. S. Johnson らはステロイドの⽣合成経路に着想をえた、⽣合成模倣カチ
オンカスケード反応によるプロゲステロンの全合成を報告している(Scheme 3) [8] 。プロ
ゲステロンは⼈間の⻩体ホルモンとして知られる副腎⽪質ホルモンの⼀種である。






Scheme 3. W. S. johnson らによるプロゲステロンの全合成 
1979年、K. P. C. Vollhardt はペリ環状反応を⽤いたエストロンの全合成を報告してい
る(Scheme 4) [9]。エストロンを含むエストロゲンについては次項で詳しく述べる。
















































とが知られている (Figure 6)。[10] 
 
Figure 6. The typical estrogens found in vivo  
エストロゲンおよびその誘導体が⼈間に対しホルモンとして作⽤することから、エス
トロゲン製剤が様々な⽤途の医薬品として販売されている。その端緒として安息⾹酸エス
トラジオールが 1936 年にシエーリング・カールバウムより Progynon-B®の名で⽉経障害
や更年期障害薬として発売されている (Figure 7)。また、避妊薬として利⽤される
NuvaRing® (有効成分:エチニルエストラジオール , エトノゲストレル)は年間 7.77 億
































1963年、Torgov らはテトラロン 1-14より容易に合成可能な 1-15 とジケトン 1-16 を
塩基、続いて酸で処理することにより、⼆⼯程でステロイド⾻格 1-18 を構築する⼿法 




Scheme 5. The total synthesis of estradiol via Torgov cyclization by I. V. Torgov 
本⼿法は短⼯程かつジアステレオ選択的にエストロゲンを合成できるという点で⾮常
に優れており、その中間体である Torgov ジエン 1-19 は⽔素添加により容易に天然物と
相対⽴体配置の⼀致したエストロゲンを与えるため、エストロゲンの全合成における鍵
中間体として重要な化合物である。Torgov ジエンを経由するエストロゲンの全合成の例
として、2004年には E. J. Corey らによってキラルオキサザボラリジニウム触媒 1-22 を
⽤いた触媒的不⻫⾮対称化による別法 (Scheme 6)[13], 2014年には B. List らによってキ
ラルスルホンジイミド触媒 1-27 を⽤いた別法が報告されている(Scheme 7)[14]。しか
し、Torgov ジエンを⽤いたエストロゲンの合成は Torgov ジエンのシンプルな構造ゆ
え、誘導体合成への展開に課題がある。 
 
Scheme 6. The total synthesis of estrone methyl ether using chiral oxazaboranidium 
catalyst by E. J. Corey 
 
Scheme 7. The total synthesis of estrone methyl ether using chiral sulfondiimide catalyst 




































































これに対し 2014 年、Jorgensen らはa,b-不飽和アルデヒド 1-29 と環状エンジオン 1-
30 を原料とし、プロリン型有機触媒による形式的不⻫ Diels-Alder 反応を⽤いた、新たな
ステロイド構築法を報告している (Scheme 8)[15]。彼らは合成した中間体 1-31 を Torgov




Scheme 8. The total synthesis of estrone using organocatalyst mediated formal Diels-Alder 
reaction by K. A. Jorgensen 
 





























































2. 有機触媒不⻫ドミノ Michael/aldol 反応 の開発 
2-1. 鍵反応のデザイン 
前述した HPESW 反応[7]においてはプロリンを⽤いた不⻫ Aldol 反応によってステロ
イドの C,D 環に相当するビシクロ[4.3.0]ノナン⾻格 1-5 を合成することができる。しか





Michael 反応を参考に、鍵反応である不⻫ Michael/aldol ドミノ反応をデザインし、化合
物 1-34 をさらに 2 つの化合物 1-32 と 1-33 へと逆合成した。Michaelアクセプターであ
る 1-33 にステロイドの A環に相当する環状構造を導⼊しておくことで、ドミノ反応によ
りステロイドの A, C, D環および C13位四級炭素を有するビシクロ[4.3.0]ノナン 1-34 を
⼀挙に合成できると考えた。 
 
Scheme 9. The synthetic strategy for steroid 
デザインした不⻫ Michael/aldol ドミノ反応の想定される反応機構を以下に⽰す 
(Scheme 10)。ニトロアルカン 1-32 とa,b-不飽和アルデヒド 1-33間でのエナンチオ選択的
Michael 反応ののち、エナミン中間体 1-36 からジアステレオ選択的に分⼦内アルドール反












































































2-3. ニトロアルカン 1-32 の合成 
まず原料であるニトロアルカン 1-32 の合成を⾏なった。本化合物は既知化合物であり、
Snowden らによってニトロエチレン 1-39 とジケトン 1-16 との Michael 付加による合成






上記のニトロエタノール 1-38 から酸無⽔物を⽤いてニトロエチレン 1-39 を合成する⼿法
を参考に、ニトロエタノールとジケトンからワンポットにてニトロアルカン 1-32 を合成
できないかと考えた。検討の結果、ジケトン 1-16 とニトロエタノール 1-38 を過剰量のコ
ハク酸無⽔物と触媒量のトリブチルホスフィンで処理することで、望みのニトロアルカン
1-36 がワンポットにて良好な収率で得られることを⾒出した (式 3)。本⼿法は容易にス











































アルデヒド 1-34a を反応させたところ、⽬的の環化体 1-34a が 68%の収率かつ単⼀のジ
アステレオマーとして得られた (Table 1, Entry 1)。しかし、本反応においてはニトロア
ルカン 1-32 と⽣成物 1-34a の極性が近く、系内に残留する過剰のニトロアルカンと⽣成
物との分離が困難であったことから、基質の当量検討を⾏なった。その結果、ニトロアル
カン 1-32 の量を減らすと収率が低下し(Table 1, Entry 1〜3)、シンナムアルデヒドを過剰
量⽤いた場合ニトロアルカンは消費されるものの収率は向上しなかった(Entry 4,5)。そこ
でニトロアルカン 1-32 と触媒、安息⾹酸の iPrOH溶液にシンナムアルデヒドの iPrOH溶
液を滴下することで反応系においてニトロアルカン 1-32 がシンナムアルデヒドに対して
過剰に存在する条件にしたところ、少過剰のシンナムアルデヒドを⽤いた場合でもニトロ






















































2-5. 環化体 1-34a の相対⽴体配置の決定 
得られた化合物 1-34a の相対⽴体化学は NMR 実験によ
って決定した。構造決定に際し、重要なカップリング定数
および NOE 相関を⽰した(Figure 10)。C10位と C9位およ
び C11位とのカップリング定数より、C9, C10, C11位のプ
ロトンが全て axial位を占めていることがわかった。また、















































































まず種々の 3-(p-置換フェニル)プロペナールを⽤いて検討を⾏なった (Entry 2〜6)。
いずれの場合においても反応は良好な収率、⽴体選択性で進⾏し、望みのビシクロ[4.3.0]
ノナンを得た。続いて 3-(o-置換フェニル)プロペナールを⽤いた検討を⾏なった (Entry 
7, 8)。最初に 3-(o-ブロモフェニル)プロペナールを⽤いた検討を⾏なった。これは⽣成物
から溝呂⽊-Heck 反応によって迅速にステロイド⾻格を構築することができると考えた





























































> 95 : 5
> 95 : 5
> 95 : 5
> 95 : 5
> 95 : 5
> 95 : 5
> 95 : 5
nd
nd0 nd
92 92 36 : 45
57 > 95 : 5
a 20 mol % cat was used.
b 3.0 eq. of chrotone aldehyde was used
Table 3. 反応の一般性
1-32 1-33 1-34
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3.  エストラジオールメチルエーテルの全合成 







Scheme 11. Synthetic plan of total synthesis of estradiol methyl ether via organocatalyst 












































まずWittig 反応によって最後の C6位炭素を導⼊したのち、A環との C-C 結合形成に
よって B環を構築することを検討した(Scheme 12)。まず 1-34bより⼀炭素増炭したアル













レフィン 1-46 を 2steps, 80%の収率で得た。続いてニトロオレフィン部を還元し 1-47 と
したのちに B環の構築を⾏うこと⽬的とし⼆重結合の還元を試みた。しかし、種々の還元
条件を試みたがニトロオレフィン部の反応性が⾼いため、複雑な混合物を与えるのみであ




Scheme 13. The trial of C6-carbon installation by Henry reaction 
  
PPh3CH2Br (2.5 eq.)
nBuLi or tBuOK (2.0 eq.)



























nBuLi or tBuOK (2.0 eq.)





























































Scheme 14. The synthetic plan using cyanohydrine 
検討の結果、アセトニトリル溶媒中低温にてシアン化カリウムを作⽤させることで⽬
的のシアノヒドリン 1-48 が単⼀のジアステレオマーとして⽣成することを⾒出した 
(Scheme 15)。また得られたシアノヒドリン 1-48 の粗⽣成物に対してチオカルボニルジイ
ミダゾールを作⽤させることで、環状キサンタート 1-49 を⾼収率で構築した。 
 
Scheme 15. The synthesis of cyclic xanthate cyanohydrine 1-49 








































































KCN aq. (10.0 eq.)
MeCN
-25 ˚C, 40 min
Im2CS (1.5 eq.)
DMAP (0.3 eq.)
DMF, rt, 1 h






J = 6.8 Hz









つづいて、得られた環状キサンタート 1-49 から B環の構築を検討した。得られた環状

























































































の⽔酸基はキサンタート化されなかった。そこで D. Schinzer らの論⽂を参考に、C14位
⽔酸基は脱離させたのちα選択的⽔素添加によって⽴体選択的に還元することとした[20]。
化合物 1-51 に対しピリジン溶媒中、塩化チオニルを作⽤させることでオレフィン 1-52 を
得た (Scheme 18)。 
 
Scheme 18. The synthesis of olefin 1-562 
オレフィン 1-52 は結晶性を有したため、単結晶を作成し X 線結晶構造解析によって









































Figure 16. オレフィン 1-52のORTEP図 
               (Thermal elipsoid is 50 % probability
 41 




Scheme 19. The radical reduction of methylxanthate and nitro group 
ニトロ基の還元においてはアニソール溶媒中 140 ̊ C で反応を⾏なった場合、⽬的物で
あるニトリル 1-54 は中程度の収率にとどまり、オキシム体と⾼極性な不明化合物の複雑
な混合物を与えた (Entry 1)。そこで反応温度と溶媒の検討を⾏ったところ、ビフェニル




ド[21]から C-N 結合の切断に⾼温が必要であり、低温では N-O 結合の切断によるオキシム
の⽣成が優先することが原因であると考えた(Scheme 20)。 
 












































































得られたニトリル 1-54 に対して Houben-Hoesch 反応による B 環の構築を試みた。
様々な触媒、酸を試したが反応が進⾏しない、もしくは複雑化するのみで、望みのステロ





Scheme 21. The Houben-Hoesch reaction of nitrile 1-54 
Torgov らの合成において、Torgov ジエンを⽔素添加すると天然物と⼀致する⽴体を与
えると報告されていたので、これを参考にニトリル 1-54 の⼆重結合の還元もα⾯から進





Scheme 22. The reduction of olefin of 1-54 
予想と異なるβ還元体 1-57 が得られたことから再度⽂献調査を⾏なった結果、Abad
らによって C14-C15 位不飽和のステロイドにおいてβ選択的に還元が進⾏することが報








































































⾼い TBS基で保護した 1-62 の場合に C14-C15位⼆重結合の還元がα選択的に進⾏する
ことを報告している(Scheme 23)。 
 
Scheme 23. The a-selective hydrogenation using the steric bulkiness of protecting group 
これを参考にα選択的⼆重結合の還元を試みた(Scheme 24)。化合物 1-54 に対し、
NaBH4 を作⽤させると dr = 8:1 で⽬的の⽴体を有するアルコール 1-64 を得ることができ
た。また、還元剤として LiBHEt3 を⽤いて反応を⾏うとその⽴体選択性は 10 : 1以上に向
上した。得られたアルコール 1-64 を TBS基で保護し、シリルエーテル 1-65 を得た。こ
れに対し⼆重結合の還元を試みた。種々触媒と条件を検討したところ、望みのα還元体 1-
66 が選択的に得られるものの、いずれの条件においても反応が中途で停⽌してしまうこ
とがわかった。反応系の MS より原料 1-65 のニトリルが還元されたアミン 1-67 が検出
されたことから、反応の進⾏に伴い副⽣するアミン 1-67 が触媒である Pd を被毒し、反応
が停⽌するものと考えた。 
 



































             1-64
dr =       8 : 1 (NaBH4)































る化合物を得た (Scheme 25)。しかし得られた化合物の NMR を精査したところ、のぞみ
1-68 ではなく A環の置換パターンが異なる 1-67 であることがわかった。 
 
Scheme 25. The Houben-Hoesch reaction of 1-66 
ステロイド 1-67 の⽣成する反応機構として以下のように考えた (Scheme 26)。すなわ
ち、電⼦豊富な芳⾹環の p位から Houben-Hoesch 反応が進⾏し、スピロジエノン 1-70 が
形成される。スピロジエノン 1-70 はジエノン-フェノール転位を経て芳⾹環化しステロイ
ド⾻格を与えるが、このときに期待した C5-C6 結合でなく C5-C9 結合が転位することで






































































ぬβ還元体が得られた。そこでシリル基をより安定な TIPS 基へと変更した 1-74 を以下
の scheme に従って合成した。1-74 の⼆重結合の還元には TIPS基の嵩⾼さのため、より






還元体を得た。得られた還元体の 1HNMR, 13CNMR, MS, 旋光度が⽂献値と⼀致したため、
これを以ってエストラジオールメチルエーテルの全合成を達成した (Scheme 27)。 
 























































































Figure 18. The critical points of one-pot optimization of first pot 
以上の知⾒をもとに反応のワンポット化を⾏なった。鍵反応であるニトロアルカン 1-





52 が単⼀化合物と得られた。以上の検討により、不⻫ Michael 反応、分⼦内 aldol 反応、
シアノヒドリン構築、キサンタート構築、脱⽔反応の 5 反応を 1 ポットにて⾏い、オレフ
ィン 1-52 を単⼀のジアステレオマーとして収率 78%で得る⼿法を確⽴した(Scheme 28)。 
 





















































































4-2. 2nd pot / Barton-McCombie脱酸素化とニトロ基のラジカル還元のワンポット化 
続いて、化合物 1-52 から 1-54 までのワンポット化を⾏なった。化合物 1-52 からの
Barton-McCombie 脱酸素化とニトロ基の還元はともにトリブチルスズによるラジカル還
元であるので、ワンポットで⾏えると考えた。検討の結果、80 ̊ C で Barton-McCombie脱
酸素化を⾏ったのち、トリブチルスズを追加し 250 ˚C で加熱してもニトロ基還元の収率




Scheme 29. One-pot stepwise radical reduction of xanthate and nitro group  
 






































































two reactions in one-pot sequence
 48 
4-3. 3rd and 4th pot / ケトンの⽴体選択的還元-ニトリルの半還元のワンポット化 
化合物 1-54 から化合物 1-73 までの反応のワンポット化を検討した。含まれる反応は
ケトンの⽴体選択的還元、⽣じる⽔酸基の TIPS による保護、ニトリルの半還元であり、
⼆つのヒドリド還元を⾏なったのち、⽣じるアルコキシド 1-76 において⾦属交換を⾏う
ことでワンポット化できると考えた (Scheme 32)。 
 
Scheme 32. The design of one-pot reaction from 1-54 to 1-73 
最初にケトンとニトリルのワンポットでの還元の検討を⾏なった (Scheme 33)。過剰
量の DIBAL によってケトンの⽴体選択的還元とニトリルの半還元を同時に⾏ったところ、
ケトンとニトリルが両⽅還元された化合物 1-77 が得られたが、DIBAL ではケトンの還元
における⽴体選択性は低かった。また、LiBHEt3 によるニトリルの還元も検討したが、ア
ルコール 1-64 が得られるのみでニトリルの還元は進⾏しなかった  
 




























-78 ˚C to 0 ˚C;
aq. HCl
(d. r. = 2 :1)











-78 ˚C to 60 ˚C;
aq. HCl





する必要があることがわかった。そこで、まず LiBHEt3 を-78 ℃で作⽤させケトンの⽴体
選択的還元を⾏なったのち、系内に DIBAL を加え 0 ˚C まで昇温することで⼆つの還元
をワンポットで⾏うこととした。得られたアルドール 1-77 が不安定であったため、酸に
よる反応のクエンチと分液操作後、粗精製物をシリルエーテル 1-73 へと導いた。これに
より⽬的の化合物を 2 ポットにて⾼⽴体選択的に合成することができた(Scheme 34)。し
かしその収率は中程度にとどまった。 
  
Scheme 34. The two-pot reduction and protection of 1-54 
また、この際 crude の Mass からアンモニウムカチオン 1-78 に対
応するピークが観測されたことより、ニトリルのアミンへの過剰還元
が進⾏していることが判明した。系内でアミン 1-82 への過剰還元が
進⾏していること(Scheme 34)、ニトリル 1-79 は LiBHEt3 で還元さ
れないこと(Scheme 33)、中間体のイミン錯体 1-76 は DIBAL では還元されないこと 
(Scheme33)より、反応系に残留した過剰の LiBHEt3 がイミニウム錯体 1-80 を還元するこ
とによってアミン 1-82 へ過剰還元されてしまうことが収率低下の原因であると考えた 
(Scheme 35)。 
 




H LiBHEt3 (1.2 eq.) 
 
CH2Cl2, -78 ˚C







two reactions in one-pot sequence
















































そこで、ニトリル 1-68 に対して以下の実験を⾏なった(Scheme 36)。すなわちDIBAL
によってニトリル 1-68 をイミニウムカチオン 1-87 へと還元したのち、系内に LiBHEt3 を
加え⽣成物の変化を観測した。その結果 DIBAL でニトリルを還元したのち系内を⼀部分
取し、MeOH によって反応を停⽌した後、粗⽣成物の MS を確認するとイミニウムカチ
オン 1-83 が観測されるのみで、アンモニウムカチオン 1-78 は観測されなかった。⼀⽅、
DIBAL による還元の反応後、反応系に LiBHEt3 を加えた場合、アンモニウムカチオン 1-
78 が主⽣成物として観測された。以上の結果から、DIBAL による還元によって系中で発
⽣したイミニウムカチオン 1-83 が LiBHEt3 と反応すると過剰還元が進⾏することを確か
めることができた。 
 
Scheme 36. The checking the reactivity of iminium intermediate for LiBHEt3 
以上の結果を受け、LiBHEt3 の当量を 1.0 当量へと削減した。その結果、アミン 1-82
は⽣成せず、2 つの還元反応をワンポットで⾏なった後、反応をクエンチ、分液操作を⾏
い系内に残存する⾦属種を除去した。この粗精製物 1-77 に対して DMF 溶媒中、⽔酸基
のシリル化を⾏うことで、シリルエーテル 1-73 が 2 ポット収率 59%で得られた (Scheme 
37)。 
 
























































いて、C17 位の⽔酸基はアルミニウムもしくはホウ素のアルコキシド 1-76 として存在す
ると考え、TIPSOTf との間で⾦属交換が起きれば TIPS 基で保護されたシリルエーテル
1-73 が得られると考え、還元後の系内に TIPSOTf を添加した。しかし、反応は進⾏せず、
1-77 が得られるのみであった (Scheme 38)。 
 

































































4-4. 5th-pot / Pinnick-Kraus 酸化/⼆重結合の⽴体選択的還元/酸クロリド形成/Friedel-
Craftsアシル化/脱シリル化/加⽔素分解のワンポット化 









うと⼆重結合が円滑に還元され、化合物 1-75 への変換を確認した。その後 Friedel-Crafts
アシル化反応を⾏うため⼀度溶媒と揮発性の不純物を留去し、ジクロロメタン溶媒に置換






って 1-68 のベンジルケトンを還元し、⽬的物へと導いた。以上の⼿法により化合物 1-73
より Pinnick-Kraus酸化、⼆重結合の⽴体選択的還元、酸クロリド形成、Friedel-Craftsア
シル化、TIPS 基の脱保護、ベンジルケトンの加⽔素分解の計 6 反応をワンポットにて⾏





























































HCl genarated in situ and MeOH 





























Scheme 41. Organocatal4st mediated asymmetric domino Michael/aldol reaction 
上記の結果をうけ、実際に本鍵反応で得られるビシクロ[4.3.0]ノナン⾻格において、4-
メトキシフェニル基を有する 1-34bより、エストロゲンの⼀種であるエストラジオールメ
チルエーテルの全合成を達成した (Scheme 42)。1-34b に対する C6位の炭素導⼊はシア
ニドを⽤いた求核付加によってニトリルとして導⼊することで達成し、B環の構築の際は
このニトリルより構築した酸クロリドを求電⼦剤とした Friedel-Crafts Acylation によっ
て⾻格の構築を⾏い、⽬的の全合成を総計 12pot、総収率 4.5%で達成した、また、本合成
では原料から⽬的物までに 10 回のカラム精製を必要とする。 
 
Scheme 42. The total synthesis of estradiol methyl ether using organocatalyst mediated 





















1-32 1-33 1-34R R
8 examples
up to 94 % yield
up to > 95  :  1 d.r.




    Imidazole
NaClO2
    NaH2PO4•H2O
























































































































ラジオールメチルエーテルの five-pot 合成を達成した(Scheme 43)。原料より、有機触媒
を⽤いた不⻫ domino 反応を含める 5 つの反応をワンポットにて⾏い、C6 位を含む⽬的




































































five reactions in one-pot sequence












Total   5 pots
Total 15% yield
Total   4 column
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れ、その存在が確認されてきた。その中でも軸不⻫を有する分⼦は 2001年の BINAP 2-1
を配位⼦として⽤いた不⻫触媒反応の開発がノーベル化学賞を受賞したことに代表され
るように、不⻫配位⼦(2-1, 2-2, 2-3)や不⻫有機触媒(2-4, 2-5, 2-6)としての有⽤性が⾼い
ことが知られている光学活性分⼦群である(Figure 1)[1]。 
 




単離されたミケラミン A 2-7 は HIVウイルスの転写阻害活性を、ワタの種などから単離
されたゴシポール 2-8 は殺精⼦作⽤による不妊作⽤など特異な⽣物活性を⽰す。 
 







































































(Figure 3)[3]。ビスニトリル 2-9 は Pieters らによって合成された初の不⻫円偏光(CP)を発
する TADF 分⼦であり、⾼い量⼦収率(up to 74%)を⽰し、有機分⼦ LED(OLED)へのド
ーパントとして⽤いた場合は 9.1%の⾼い量⼦効率を⽰した。また、テトラナフトール 2-












































を構築するに際し、以下の 4 つの⼿法が主な⽅法論として知られている (Figure 4)。本序
論においてはまずこれらの従来の軸不⻫構築法について説明する。 
 
Figure 4. The category of the methodology for asymmetric synthesis of axially chiral biaryls 
  
Atroposelective Desymmetrization









Atroposelective Biaryl Coupling Atroposelective Ring Construction
Chirality Transfer from 





















いた軸不⻫分⼦の⾼⽴体選択的かつ触媒的な合成法は、2000 年 Buchwald らのよって報
告された。彼らは独⾃に開発した不⻫ Ligand 2-14 を⽤いたボロン酸 2-12 とアリールブ
ロミド 2-13 との不⻫ Suzuki-Miyauraクロスカップリングが⾼⽴体選択的に進⾏し、軸不
⻫ビアリール 2-15 を与えることを報告している (式 1)[5]。 
 
また 2003年 Kozlowski らは不⻫アミン配位⼦ 2-17 と CuI/O2 を⽤いたナフトール 2-




Cramer らは 2020年にトリアゾール 2-19 の C-H 活性化による軸不⻫トリアゾール 2-22












up to 98% yield

















CuI (10 mol%), O2
(CH2Cl)2, 40 ˚C up to 88% yield
















Pd(dba)2 (10 mol%) 
PivOH, Cs2CO3
MeCN, 80 ˚C up to 98 % yield

























2004年 Gutnov らはジイン 2-23 とニトリル 2-24 との不⻫[2+2+2]付加環化反応にお
いて、不⻫ Co 触媒 2-25 を⽤いることによって、光学活性イソキノリン 2-26 の触媒的不
⻫合成を報告している (式 4)[8]。 
 
また、アルキンの三量化によるホモ芳⾹環の構築による触媒的軸不⻫分⼦の合成は













THF, hv, 3-20 ˚C OMe
N
R
up to 88% yield






X [IrCl(cod)]2 (1-20 mol%)
xylene, 100 ˚C
+
up to 97% yield

































up to 52% yield






















成へと展開している(式 7)[11]。本⼿法においては、中間体であるラクトン 2-36 のビアリ
ール結合軸の⽴体化学情報が熱⼒学的に不安定であり⼆つの軸異性体間で平衡が存在す
るために、開環段階で動的速度論分割が発⽣し⾼収率かつ⾼⽴体選択的に軸不⻫ビアリー
ル 2-37 を合成することができる。 
 
また触媒的な反応系としては 1995 年に Hayashi らが対象な o-ジトリフラートに対す
る不⻫熊⽥カップリングによる⾼⽴体選択的な構築を報告している (式 8)[12]。本反応系
では 2-38 がすでに⼗分な⽴体障害を有するため、2-38 のビアリール結合軸は⾃由回転せ
ず、⼆つのトリフラート基のうち⽚⽅で選択的にカップリング反応が進⾏するため、⾮対
称化が進⾏し⾼収率かつ⾼⽴体選択的に光学活性ビアリール 2-40 が得られる。 
 
また近年では松原らが有機触媒を⽤いた芳⾹環の不⻫臭素化による光学活性ビアリー





















up to 99% ee
(7)












up to 92% yield

























up to 99% yield






















2001年、服部と宮野らは光学活性 1-テトラロン 2-44 への Grignard試薬の付加および






また⽥辺らは 2003 年に、光学活性シクロプロパン中間体 2-49 から TiCl4 を⽤いた芳
⾹化において、中⼼不⻫が軸不⻫へと⾼効率で転写されることを報告した(式 11)[15]。本
系においては TiCl4 のルイス酸性によって系中でカチオン 2-50 が発⽣する。この際、カチ








































Axial informationup to >99% ee
2-49 2-50 (Ra)-2-51
up to 96% yield
         >99% ee
1’ 1 -HCl









2011年、Thomson らは光学活性エノン 2-52 の酸化的⼆量化反応及び脱保護に伴う芳
⾹化によって光学活性ビアリール 2-54 の構築を報告している(式 12) [16]。本系において





また 2018年、Sparr らはキラルアリルアルコール 2-55より発⽣させた、中⼼不⻫を有
する有機⾦属求核剤 2-56 と安息⾹酸エステル 2-57より光学活性ビアリール 2-59 の⽴体








































up to 90% ee
2-52 2-53 (Sa)-2-54























up to 82% yield











クラミド 2-62 を有機触媒として⽤いたジオン 2-60 と 1-クロロニトロオレフィン 2-61 と
の不⻫ Michael/SN2反応によって中⼼不⻫を有する中間体 2-63 を⾼⽴体選択的に構築し、
これに対し PhI(OAc)2 を⽤いた酸化的芳⾹化を⾏うことで軸不⻫分⼦ 2-64 の⾼⽴体選択




得られる (式 15)。 
⼀⽅で Rodriguez らは同様の触媒を⽤いた 2-ナフトール 2-69 と 1-クロロニトロオレフィ
ン 2-70 との不⻫ Micahel/SN2 反応性⽣物を経由する軸不⻫化合物 2-74 の合成に関して





















































































































up to 86% yield




























































up to 99% ee
(17)
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芳⾹環 o-位にメチル基を有するニトロスチレン誘導体 2-75a を⽤いてグルタルアルデ
ヒド⽔和体 2-76 と反応を⾏ったところ、中程度の収率と⾼い⽴体選択性で⽬的の環化体
2-77a を得た(Scheme 1)。 
 
Scheme 1. The organocatalyst mediated domino Michael/aldol reaction with o-substituted 
nitroolefin 2-75a 
2-77a の軸に関する⽴体選択性の有無に関しては NOE 実験によ
って推定した (Figure 6)。2-77a は C2-C1ʼ軸に関して単⼀の軸異性
体に由来する NOE 相関のみが観測され、化合物 2-77a が単⼀の軸
異性体として得られていることが⽰唆された。またその絶対⽴体配




Figure 7. The expectation of absolute configuration from the axial information of 2-77 
以上の考察に基づき、2-77a より C2-C1ʼ軸の⽴体情報を保持したまま中⼼不⻫を取り
除くことによって、軸不⻫化合物への変換を試みた (Scheme 2)。単離した 2-77a の C4位
の⽔酸基をアセチル基で保護したのち、ホルミル基をジメチルアセタールで保護すること
で化合物 2-79a が系中で発⽣していることを確認した。続いてアセチル基の脱離によるニ
トロオレフィン 2-81a の合成を検討した。KF 存在下酢酸エチル中で加熱することにより
アセチル基の脱離が進⾏し、共役ニトロオレフィン 2-81aおよび⾮共役ニトロオレフィン
2-81aʼが混合物として発⽣した。これらの混合物に対し、溶媒を留去、THF 溶媒中で t-
BuOK を作⽤させたのち、DMDO を加えることで酸化的 Nef 反応を試みた。その結果 2-
81a、2-81aʼいずれもが同⼀のエノン 2-82a へと変換された。上記反応は全てワンポット
にて⾏い、良好な収率で⽬的の中間体エノンを与えた。またこの段階で化合物の光学純度
を決定した。また、2-82a については 2-77a と同様に NOE を⽤いた軸⽴体化学情報の決
定を⾏ったところ、C6-C1ʼ結合軸において 2-77a と同様の軸⽴体
化学を有する異性体に由来する NOE のみが観測された ことか
ら、2-82a においても芳⾹環周りの軸に関する⽴体化学情報が保
















40% yield, 99% ee 
(the ee value was determined 



























Figure 6. Observed NOE









Figure 8. Observed NOE





Scheme 2. The transformation of 2-77a to enone 2-82a 
続いて、エノン 2-82a の直接的酸化的芳⾹化を検討したがこれは良好に進⾏しなかっ
た。そのため、2-82a のエノン部位を⼀度シリルエノールエーテルへと変換することで反
応性を⾼め、芳⾹化を促進しようと考えた。エノン 2-82a に対し TBSOTf を作⽤させる
ことで共役シリルエノールエーテル 2-82aʼへと変換したのち、MnO2 を作⽤させるにより、




















































THF, 0 ˚C, 30 min.
DMDO




























































    [α]D26 = +19.7 (c 2.28, CHCl3)







成が可能かどうかを検証した。鍵反応として 2005年に Enders らによって報告された、不
飽和アルデヒド 2-89 と 2-ニトロメチルベンズアルデヒド 2-90 との不⻫ドミノ 
Michael/aldol 縮合反応によって合成される光学活性ジヒドロナフタレン 2-91 に着⽬し




























up to 75% yield


































Figure 9. The X-ray crystal structural 
               analysis of 2-91
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まず o-置換芳⾹環を有する基質にて本反応を⾏い、反応の追試および⽣成物である光
学活性ジヒドロナフタレン 2-91 の⽴体化学に関して調査検討を⾏った。基質として 3-
(2-ブロモフェニル)プロペナールおよび 3-(2-メチルフェニル)プロペナールを⽤いて反応
を⾏った。反応は Enders らによって報告された条件において良好に進⾏し、⽬的の光学
活性ジヒドロナフタレン 2-91aおよび 2-91b を中程度の収率および⾼い⽴体選択性で得
た (Scheme 4)。 
 
Scheme 4. The domino Michael/aldol reaction with o-substituted phenyl group 
これらに対し、X線単結晶構造解析および各種 NMR測定を⾏い、その構造に関する
知⾒を得た。まず、o-位にブロモ基を有する 2-91a から単結晶を作成し、X線単結晶構









ことが⽰唆された。また NOE測定において、芳⾹環 C6ʼ位のプロトンから C1位のプロ








X = Br  (2-91a): 61%, >99% ee









































Figure 12. NOE analysis of 2-91b
2-91a 2-91b
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本結果は前節の結果と類似するものであるため、続いて 2-91 の C3-C1ʼ結合軸に関す
る⽴体化学情報を保持する形で中⼼不⻫を取り除くことにより軸不⻫化合物への変換を
試みた。芳⾹化に際して、ジヒドロナフタレン 2-91 は Nef 反応および⽣じるケトンのナ
フトールへの異性化によって短⼯程で芳⾹化できると考えた。実際にジヒドロナフタレ
ン 2-91a を t-BuOK で処理しニトロナートを発⽣させた後DMDO を加えることによっ




BuOK/DMDO を⽤いた酸化的 Nef 反応と続く異性化によって芳⾹化し、最後に酸性条
件でジメチルアセタールの脱保護を⾏うことで、光学活性ビアリール 2-94a が 89%、
99%ee で得られることを⾒出した (Figure 13)。 
 
Figure 13. The aromatization of asymmetric dihydronaphthalene 2-91a 
また、有機触媒ドミノ反応を含めたワンポット化についても検討した (Scheme 5)。ド
ミノ Michael/aldol 反応ののちに上述の酸化的 Nef 反応による芳⾹化をワンポットで⾏い、得
られたビアリール体 2-94a の光学純度を測定したところ、単離したジヒドロナフタレン 2-91a
を⽤いた場合に⽐べて光学純度が低下した(entry 0 vs entry 1)。これは酸化的芳⾹化のアセタ
ール化段階において、系内に残留するアミン触媒が p-TsOH と反応し、系内での p-TsOH の活
性が低下しており、アセタール化が完全に進⾏していなかったためと考えた。そこで⽤いる p-




















































































































Table 1. The generality of axially chiral biaryl synthesis from dihydronaphthalene 2-91 
 
Entry  2-91 2-94 Entry  2-91 2-94 
1     6     
Yield (ee)[%] 61 (>99) 89 (99) Yield (ee)[%] 52 (98) 76 (50) 
2    7    
Yield (ee)[%] 42 (>99) 96 (98) Yield (ee)[%] 61 (97) 81 (95) 
3    8  
 
 
Yield (ee)[%] 67 (>99) 66 (95) Yield (ee)[%] 62 (99) 79 (0) 
4    9  
 
 
Yield (ee)[%] 60 (99) 94 (>99) Yield (ee)[%] 52 (99) 70 (0) 
5        

























































































































体が得られる可能性があると考え、より⼤きな置換基を持つ 2-94eおよび 2-94g について
も絶対⽴体配置を決定した。2-トリメチルシリルフェニル基を持つ 2-94e に関しては VCD
スペクトルによってその絶対⽴体配置を決定したが、(Ra)の絶対⽴体配置であることがわ











Figure 15. The X-ray crystal structure analysis of 2-94a
ORTEP of axially chiral biaryl 2-94a
Figure 16. the axially chiral biaryls that 
                 determined the absolute configuration 













91 が単⼀の軸異性体として得られた理由について 2 つの可能性が考えられた。すなわち、
結合軸の回転障壁が⼗分⾼く、2-91 が速度論的に安定な軸情報を持ち得るために、有機触
媒ドミノ反応によって⽴体選択的かつ速度論的に構築された軸情報が保持されていた場
合 (Case. 1)、もしくは C3-C1ʼ結合軸の回転障壁が低い⼀⽅で、2-91 の⼆つの軸異性体間
で⼗分な熱⼒学的な安定性の差があったため、熱⼒学的に安定な軸異性体が主として存在
していた場合(Case. 2)が考えられた (Figure 17)。 
 
Figure 17. The plausible two reason of the axial selectivity of dihydronaphthalene 2-91 
これらの可能性に関して、温度可変 NMR による検討を試みた。すなわち、Case. 1 で
あれば⾼温域において軸の⾃由回転が促進されることでもう⽚⽅の軸異性体が観測され
ると考えた。⼀⽅ Case. 2 であれば、Rodriguez らの報告[18]を参考に、低温域において軸
回転の速度が低下するために NMR のシグナルがブロード化することが予想された。そこ






















ΔG‡298K >23 kcal/mol => Stable axial conformer 
case. 2 
ΔG‡298K <23 kcal/mol & ΔG298K > 2 kcal/mol 
ratio298K (outside : inside) > 100:1 
=> Thermodynamically stable axial conformer
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そこでジヒドロナフタレン 2-91 の両軸異性体間のエネルギー差とその回転障壁を計算
化学的⼿法によって推定した (Figure 18)。ブロモ基を有する 2-91a について C3-C1ʼ結合
軸の回転障壁および軸に関する⼆つの軸異性体のうちそれぞれの最安定構造について構
造最適化を⾏い、その配座間でのエネルギー差を求めた。その結果、C3-C1ʼ結合軸の回転
障壁は 11.78 kcal/mol であった。これは⼀般的に化合物が室温で単離可能な軸異性体とし
て存在するために必要な回転障壁である 23kcal/mol より⼩さいため、本結果はジヒドロ
ナフタレン 2-91a の C3-C1ʼ結合軸は室温にて容易に回転可能であるということを⽰唆し
ている。⼀⽅で、⼆つの軸異性体間でのエネルギー差は 3.68 kcal/mol であった。これは





















ΔG‡298K = 11.78 kcal/mol => interconvertible  
ΔG298K = 3.68 kcal/mol
ratio298K (outside : inside) = 499:1






とができるのではないかと考えた。ジヒドロナフタレン 2-91 から軸不⻫化合物 2-94 への
芳⾹化は以下の 4 つの反応を経由する。すなわち、①ホルミル基のジメチルアセタール保





Figure 19. The overview of transformation from dihydronaphthalene 2-91 to axially chiral 
biaryl 2-94 via axially inversion 
以下の検討については NOE が観測できることから 2-メチルフェニル基を有する 2-91b
を⽤いて実験を⾏なった (Scheme 6)。まずジメチルアセタール 2-95b について検討した。
単離したジメチルアセタール 2-95b の NOE測定から、ジヒドロナフタレン 2-91b の C3-
C1ʼ結合軸に関する⽴体化学情報は、この段階では保持されていた。つづいて、2-95b を重
THF 中で t-BuOK で処理しニトロナート 2-96b を系中発⽣させ、これについて NOE 測
定を⾏った。その結果、Br-outside の軸異性体に由来する NOE のみならず Br-inside の
軸異性体の存在を⽰唆する NOEも観測された。すなわち、ニトナート 2-96b の段階で C3-
C1ʼ結合軸に関する⽴体化学情報が失われていることが実験的に明らかとなった。この理
由としては C4 位の脱プロトン化により C4 位が sp2混成炭素となり分⼦の配座が変化し
たことによるものと考察した。 
 
















































































学純度が⾮常に⾼いことから、ニトロナート 2-96 にて⼀度失われた C3-C1ʼ結合軸に関す
る⽴体情報が、以後の過程において反対側へ再定義される過程が含まれることが⽰唆され
た(Figure 20)。そこで、軸に関する⽴体化学情報が再定義される反応機構に関しても検討
を⾏った。ニトロナート 2-96 から軸不⻫化合物 2-98 へは、酸化的 Nef 反応と、ケトン 2-
97 からの芳⾹化を伴う異性化を経由していると考えられた。しかし中間体であるケトン
2-97 は不安定であり、発⽣後即座に 2-98 へと異性化しその観測は困難であった。 
 
Figure 20. The transformation of re-definition of axil information from 2-96 
そこで、中間体であるケトン 2-97a に関しては前述と同様の計算化学的⼿法によって、
C3-C1ʼ結合軸の回転障壁と軸異性体間での安定性の差に関して検討を⾏った (Figure 21)。
計算の結果、ケトン 2-97a においても C3-C1ʼ結合軸の回転障壁は⼩さく(ΔG‡298K = 9.35 
kcal/mol)、また⼆つの軸異性体間でのエネルギー差は少しではあるものの Br-outside の
軸異性体の⽅が安定であったことから(ΔG298K = 0.40 kcal/mol)、この段階では C3-C1ʼ結
合軸の⽴体化学情報の再定義は起こっていないことが⽰唆された。 
 
Figure 21. The DFT calculation of the rotational barrier and the thermodynamical stability 
































ΔG‡298K = 9.35 kcal/mol  
ΔG298K = 0.40 kcal/mol
ratio298K (outside : inside) = 2:1













らの系(式 16)を参考に、以下のように考察した (Figure 22)。すなわち、ケトン中間体 2-
97 は⼆つの軸異性体間での熱⼒学的平衡下に存在する。これに対し、ケトンの異性化は
C3 位のプロトンが脱プロトン化されることによって進⾏すると考えられる。この過程に





Figure 22. The plausible reaction mechanism of axial re-definition step 
以上の検討から筆者は本反応系において熱⼒学的に決定された軸に関する⽴体化学情
報を有するジヒドロナフタレン 2-91 から芳⾹化を⾏う際に、軸に関する⽴体化学情報が
ニトロナート 2-96 において⼀度失われ、その後ケトン 2-97 からの異性化の際に再定義さ
れるという興味深い反応機構を明らかとした(Scheme 7)。また、本反応系における最終的
な軸の⽴体化学決定段階ではケトン 2-97 の C2 位中⼼不⻫の不⻫情報を軸不⻫へと転写
しているという点で、中⼼不⻫から軸不⻫への不⻫転写の⼀例であると位置付けられる。 
 

















































以上、筆者は o-置換芳⾹環を有する不飽和アルデヒド 2-92 と 2-ニトロメチルベンズ
アルデヒド 2-90 との不⻫ドミノ Michael/aldol 縮合によって得られるジヒドロナフタレ
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オダイバージェント合成法の報告例は 2020年現在、以下に⽰した 3例に限られている。 
1996年に Straub らが HPLC による光学分割によって調製した光学活性 4-アリールジ
ヒドロピリジン 3-1 の酸化的芳⾹化において、酸化剤として NOBF4 を⽤いると(Sa)の光
学活性軸不⻫ピリジン(Sa)-3-2 が、MnO2 を⽤いると(Ra)の光学活性軸不⻫ピリジン(Ra)-
3-2 がそれぞれ⾼⽴体選択的に得られることを報告している (Scheme 1) [2]。しかし本⼿
法は光学活性中間体 3-1 の調製にキラル HPLC による光学分割を⽤いているため⼤量合
成への適⽤が困難な点、および基質⼀般性の乏しさに課題が残されている。 
 




























up to 98% ee
(Ra)-3-2 (Sa)-3-2
resolved by chiral HPLC
3-1
 90 
触媒的な系としては 200X年杉野⽬らが光学活性な polyquinoxaline へ担持したホスフ
ィン配位⼦ 3-5 と Pd 触媒を⽤いた不⻫分岐型 Suzuki-Miyaura coupling が⾼⽴体選択的





Scheme 2. The enantiodivergent synthesis of axially chiral biaryl by Suginome 
また、Tan らは 2017 年、キラルリン酸 3-9 を触媒として⽤いた不⻫ Paal-Knorr ピロ
ール合成において、溶媒として CCl4/cyclohexane を⽤いると軸不⻫ピロール 3-10 の(Ra)




























































































する⽴体選択性を有する中間体 3-13および 3-17 からそれぞれ(Sa)および(Ra)の絶対⽴体












































































































前章の結果を参考に、最初にジヒドロナフタレン 3-17 の軸情報を保持したまま Nef 反
応が進⾏すれば軸不⻫分⼦ 3-18 のエナンチオダイバージェントな合成を達成できると考
え、酸化的 Nef 反応の条件検討を種々⾏った(Table 1)。しかし、塩基としてかさの低い
KOM やかさの⾼い KHMDS を⽤いた場合においてはいずれも⾼い⽴体選択性で(Ra)体を
与えた(Entry 1-2)。⼀⽅で酸化剤として DMDO の代わりに O2 を⽤いた場合も低い収率
ながら(Ra)体を与えた (Entry 3)。また酸化剤として Oxone, mCPBA, H2O2, TBHP を⽤
いた場合では反応は良好に進⾏せず、⽬的物を得ることはできなかった (Entry 4-7)。結
果として、Nef 反応の⽴体選択性が反転することはなかった。 











t-BuOK O2 24 84 (Ra)
KHMDS 52DMDO 96 (Ra)
KOMe 60DMDO 89 (Ra)
base oxidant yield (%) ee (%)
t-BuOK oxone complex mixture nd
t-BuOK complex mixturemCPBA nd
H2O2t-BuOK complex mixture nd
TBHPt-BuOK complex mixture nd
base; 
oxidant
Nef reaction OH Br













⼀⽅で、3-17 から塩基によってニトロナートを発⽣させたのち酸化剤として NBS を⽤
いた場合、Nef 反応ではなくニトロナートのハロゲン化が進⾏し対応する Bromo 化体 3-
20 が系中でほぼ定量的に発⽣した。これに対し、AgOTf を作⽤させるとブロモ基の脱離
を伴った芳⾹化が進⾏し、⾼⽴体選択的に軸不⻫ 1-ニトロナフタレン誘導体 3-21 が⾼い




Scheme 5. The Method A that using NBS and AgOTf and afforded (Sa) enantiomer 
 
Figure 4. The observed VCD spectra of 3-21 obtained by Method A  
and calculated VCD spectra of (Sa)-3-21 
⼀⽅、NBS の代わりに NIS を⽤いるとヨウ素化と同時に芳⾹化まで進⾏し、3-21 のエ
ナンチオマーが⾼い⽴体選択性で得られることを⾒出した (Method B) (Scheme 6)。以上



















































ゲン化/芳⾹化のワンポット化を検討した (Tabale 2)。まず method A のワンポット化を
検討した。初期検討において上記の条件にて反応をワンポットにて⾏ったところ、⽴体選
択性の低下が⾒られた (Entry 1)。検討の結果、⽤いる不飽和アルデヒドの当量検討は⽴
体選択性に影響を与えなかった (Entry 1-3)。⼀⽅でニトロナート 3-22 の発⽣に⽤いる t-
BuOK の当量によって⽣成物の光学純度が変化することがわかった (Entry 4-5)。この結
果より、ニトロナート 3-22 発⽣後に系中に微量残存する t-BuOK が、NBS を⽤いたブロ
モ化の⽣成物 3-20 と反応することで最終物の光学純度が低下していることが⽰唆された。
そこでニトロナートを発⽣させた後に残存する t-BuOK を系中でクエンチすることを試
みた (Entry 6-10)。種々の酸の添加を検討したところ、NH4Cl を⽤いた際に、ニトロナー
トをクエンチすることなく t-BuOK のみを選択的にクエンチすることができ、ワンポット、
90%ee にて⽬的物を得ることができた (Entry 10)。しかしこの際、反応中間体であると
考えられる 3-23 も少量得られた。これは塩基の当量が⾜りていなかったためと考え、⽤
いる t-BuOK を 1.5当量まで増やしたところ収率に改善が⾒られた (Entry 11)。しかしこ
の際再度⽬的物の光学純度が低下したため、⽤いる NH4Cl を 1 当量に増やしたところ、
収率および光学純度の低下を伴うことなく、(Sa)-4-21 をワンポットにて得る条件を⾒出
した(Entry 12, Onepot Method A)。なお、この際の反応機構については後述する。 









































2 1.1 1.2 none >95 80 3-21 was observed after bromination (c.a. 5%).remained t-BuOK worked as a base for aromatization?nd
1






3 1.0 1.2 none c.a. 90 80
4 1.1 0.8 none 55 90
5 1.1 1.6 none >95 74
6 1.1 1.2 0 nd
7 1.1 1.2 p-NO2phenol (7.08) 50 nd
<10% 3-16 was remained.
unsaturated aldehyde 3-15 was remained (c.a. 20%)
AcOH (pKa 4.76)
8 1.1 1.2 >95 70phenol (9.95)
9 1.1 1.2 >95 764-Brphenol (9.17)
10 1.1 1.2 >95 90NH4Cl (9.25)
3-21 didn’t be observed after bromination.
3-21 was observed after bromination (c.a. 7%)
nitronate 3-22 was completely quenched.
nitronate 3-22 was partially quenched (ca 40%)
small amount of 3-21 was observed after bromination.
comment
11 1.1 1..5 >95 760.5 eq. NH4Cl














3-21 dind’t be observed after bromination.
However, when use 1.2 eq of base, c.a.10% of 3-23 was remained.
small amount of 3-21 was observed after bromination.
When use 1.5 eq of base, the generation of 3-23 decreased and yield improved.








Increasing of the amount of NH4Cl increased the ee without losing the yield of 3-21.
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⼀⽅で、(Ra)-3-21 を与える Method B に関してもワンポット化の検討を⾏った (Table 
3)。Method A の最適化と同様に、まず先述した反応条件をそのままワンポット化したと
ころ、得られた(Ra)-3-21 の光学純度は反応をそれぞれ⾏なった場合に⽐べ低下した 
(Entry 1)。検討の結果、t-BuOK の当量を 1.2 から 1.5当量へと増やすことで、光学純度
を 94%eeまで向上した (Entry 2, One-pot Method B))。⼀⽅で、Method A と異なり、
NH4Cl の添加は⽴体選択性の低下を招いた (Entry 3)。また NIS の当量増加は⽣成物の光




























entry X (eq.) Y (eq.) Z (eq.) yield (%) ee (%)




1.5 1.0 1.2 84 84
1.5 0 1.2 77







ことができた (Entry 1 to 7)。また、フェニル基 o-位の置換基としてかさ⾼いトリメチル
シリル基を有した場合は、Method A による (Sa)体の合成は⽴体選択的に進⾏したが、(Ra)





の 6および 7位にブロモ基を有した基質を合成し、軸不⻫化合物への変換を試みた (Entry 
11 to14)。その結果、Method B ではワンポットでもいずれにおいても⾼い⽴体選択性で
⽬的物の(Ra)体を⾼い⽴体選択性で得た。⼀⽅で(Sa)体を与える method A においては、
いずれもワンポットでは中程度の⽴体選択性にとどまった。この⽴体選択性の低下は中間
体であるジヒドロナフタレンを単離し、two-pot で反応を⾏うことよって改善された。こ
のことは Method A においてこれらの基質を⽤いた芳⾹化が反応狭雑物に敏感であること
を⽰唆している。 
得られた化合物の絶対⽴体配置は VCD スペクトルの測定もしくは CD スペクトルの
測定および計算化学的⼿法によって得られたそれらのスペクトルとの⽐較によって決定
した。その結果、いずれの基質においてもMethod A では中間体 3-17 の C3-C1ʼ結合軸に







Table 3. The generality of the enantiodivergenct axially chiral biaryl synthesis 
  
 




































































































































































































































88% ee (88% ee)
(Ra)-3-21n
 98 




きた (式 1)。また、ナフチルアルデヒド部位を NaBH4 によって還元することにより、
軸不⻫ナフチルアルコール 3-23 を光学純度を損なうことなく合成することができた (式 
2)。また、芳⾹環上のニトロ基についても、上記の⽅法でホルミル基を還元したのちに





おらず、即座にラセミ化が進⾏したものであると考えた (式 4)。 
 
















































ロナフタレン 3-21 より、軸不⻫化合物の⼆つのエナンチオマーである(Ra)-3-23 および
(Sa)-3-23 をそれぞれ⾼⽴体選択的に与えるものである (Method A and Method B)。これ
らの反応系における差異は以下の⼆点である(Figure 5)。すなわち①ハロゲン化剤として
NBS を⽤いるか NIS を⽤いるか、および②芳⾹化過程で AgOTf を⽤いるか否かである。
そこで、まずハロゲン化された中間体 3-20および 3-26 について、単離し、その性質およ
び反応性に関して検討を⾏った。 
 








































まずブロモ化体 3-20 の単離と構造決定を試みた。ジヒドロナフタレン 3-17a を THF
溶媒中において t-BuOK、NBS で順次処理することにより、ブロモ化体 3-20 をほぼ定量
的に得た (式 5)。 
 
3-20 の構造は NMR および X 線単結晶構造解析によって決定した。以下に 3-20 の X
線単結晶構造解析の結果を⽰す(Figure 6)。測定の結果、ジヒドロナフタレン環に新たに
導⼊されたブロモ基は側鎖の 2-ブロモフェニル基に対し anti の⽴体選択性で導⼊されて
おり、分⼦全体の⽴体配座は前駆体であるジヒドロナフタレン 3-17a と類似したものであ



























⼀⽅で、dihydronaphthalene 3-17a を t-BuOK と NIS で処理した場合に⽣じていると
考えられたヨウ素化体 3-26 はブロモ化体 3-20より反応性が⾼いため、室温でヨウ素化を
⾏うと⼀挙に芳⾹化までもが進⾏し、⽬的の中間体 3-26 を観測、単離することはできな
かった。そこで、反応を低温で⾏うことで 3-26 の単離を試みた。検討の結果、-50 ˚C で
反応を⾏い、低温にて反応を停⽌しその後も冷却下で精製を⾏うことにより、ヨウ素化体
3-26 を単離することができた(式 6)。 
 
3-20 と 3-26 の 1HNMRおよび 13CNMR の⽐較より、これらは類似の構造を有してい
ることが⽰唆されたことから、こちらも同様に熱⼒学的安定性によって決定された単⼀の
軸異性体として存在していることが⽰唆された。⼀⽅で、単離された 3-20 が室温で安定
な化合物であったのに対し、3-26 は CDCl3中、室温において 3時間程度で分解する不安
定な化合物であった 。⼀⽅で重 THF中において 3-26 は⽐較的安定ではあるものの次第
に分解し、その過程においても軸不⻫化合物 3-21a を与えることはなかった。この結果か
ら、3-26 の単離精製過程で除かれた副⽣物-すなわち NIS によるヨウ素化後に発⽣する弱
塩基である K-succinimide が、3-26 の芳⾹化に必要であると考察した。この考えに基づき、
単離した 3-26 の THF溶液に対し 2当量の K-succinimide を添加したところ、反応は円滑
に進⾏し、⽬的の軸不⻫化合物の(Ra)体が⾼い⽴体選択性で得られた(式 7)。 
 
⼀⽅で、同様に単離した 3-26 の THF溶液に対し AgOTf を作⽤させると、⾼収率か







t-BuOK (1.2 eq.) NIS (1.5 eq.)





























86% (2 steps), 92% ee
(Sa)-3-21a
AgOTf (2.0 eq.)












いて検討した。 ヨウ素化体 3-26 にくらべ臭素化体 3-20 は反応性が低いため、3-26 で有
⽤であった K-succinimide では芳⾹化は全く進⾏しなかった。⼀⽅で、より強い塩基であ
る t-BuOK や Et3N を加えた場合には芳⾹化が進⾏し、中程度の収率かつ⾼い⽴体選択性
で⽬的物の(Ra)体を与えた(式 9)。 
 







Lewis酸と臭素化体 3-20 との反応性についても検討した (式 11)。検討の結果、最も酸性
の⾼い AgOTf が最も⾼い⽴体選択性と収率で⽬的物の(Sa)体を与えたのに対し、より弱
い Lewis 酸である AgTFA を⽤いた場合は収率と(Sa)選択性が低下した。また、⾮常に弱






















































































た(Figure 7)。原料であるジヒドロナフタレン 3-17 は前章での検討結果より、熱⼒学的安
定性によって決定された単⼀の軸異性体として存在する。これに対し (Ra)体を与える
Method B においては、ジヒドロナフタレン 3-17 を塩基で処理したのち、NIS を加えるこ
とによって系中で不安定なヨウ素化体 3-26 が発⽣する。この化合物もジヒドロナフタレ
ン 3-17 と同様に C3-C1ʼ結合軸について回転容易な軸異性体の混合物として存在すると考
えられる。ここでヨウ素化において副⽣する K-succinimide が塩基として働き 3-26 から




のちに発⽣する臭素化体 3-20 はヨウ素化体 3-26 に⽐べ反応性が乏しいため、副⽣する K-
succinimide とは反応せず系中で安定に存在する。これに対し AgOTf を加えると不溶性の




ことについては、ブロモ化体 3-20 と残存する t-BuOK が反応し Method B と同様の反応
機構で(Ra)体が⽣成するためであると考えた。  
 







































































軸不⻫ 1-ニトロナフタレン 3-21 の両エナンチオマーをそれぞれいずれも⾼い⽴体選択性







Scheme 8. The one-pot enantiodivergent synthesis of axially chiral biaryls  























upt to 98 %ee
up to 84%
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2009年 Pericas らは Huisgen環化によってポリスチレン(PS)へと担持した固相担持触





Scheme 1. The asymmetric Michael reaction using PS-immobilized organocatalyst 
ポリマーへの担持に伴う反応性の低下を抑えるため、Zeitler はポリエチレングリコー































































































































































































































PMB 基によって保護したのち、PhMgBr を作⽤させることで共通中間体である PMB 保
護されたジフェニルプロリノール 4-17 を合成した。これに対し種々アルキルハライドを
NaH, TBAI存在下で作⽤させアルキルエーテルを構築したのち、DDQ を⽤いた PMB基
の脱保護を⾏いベンジルエーテル 4-5c、2-ナフチルメチルエーテル 4-5d, 9-アントリルメ
チルエーテル 4-5b をそれぞれ合成した。 
 










































4-5b: 62%, 4-5c: 54%, 4-5d: 38%
4-5b: RCl = anthrylmethylchloride
4-5c: RCl = 2-naphtylmethylcholide


















性に必須であることが⽰された (Entry 3)。⼀⽅で 2-ナフチルメチルエーテルおよび 9-ア
ントリルメチルエーテルを有する触媒 4-5b, 4-5d を⽤いた際はジフェニルプロリノール
トリメチルシリルエーテルとほぼ同等の⾼いエナンチオおよびジアステレオ選択性で反
応が進⾏することを⾒出した (Entry 2, 4)。また、イソバレルアルデヒドを⽤いた反応で
は、2-ナフチルメチルエーテル 4-5d よりも 9-アントリルメチルエーテル 4-5b の⽅が⾼
いジアステレオ選択性を⽰した (Entry 6, 7)。よりかさ⾼い置換基を有する触媒の⽅が
様々な基質において⾼い⽴体選択性が期待できると考え、9-アントリルメチルエーテルを
最適な置換基とした。 
Table 1. The reactivity of monomer catalyst 4-5 
 
Entry R cat Time [h] Yield [%] syn:anti Ee [%] 
1 Bn 4-5a 6 90 14:1 99 
2 Bn 4-5b 2 95 14:1 96 
3 Bn 4-5c 5 98 10:1 87 
4 Bn 4-5d 4 99 11:1 98 
5 i-Pr 4-5a 20 95 11:1 99 
6 i-Pr 4-5b 6 97 20:1 97 




































⾏った (Scheme 5)。市販の 4-18 をメタノール溶媒中、塩化チオニルと反応させることに
よりメチルエステル塩酸塩 4-19 を得た。続いて 4位⽔酸基を TBS によって保護しシリル
エーテル 4-20 を得た。⼆級アミノ基を PMB によって保護したのち、フェニルマグネシ
ウムブロミドと反応させることによって、ジフェニルメタノール 4-22 を合成した。4-22
の三級アルコールをアントリルメチルエーテル化したのち、4 位⽔酸基の TBS エーテル
の脱保護を⾏い、触媒モノマー4-24 を合成した。 
 































































ルキルピリジン触媒 4-26 が不⻫ Steglich 反応においてモノマー触媒と同等の⾼い反応性





れている。このことから PQX に触媒モノマー4-24 を担持することにより、⾼活性かつ回
収容易なポリマー担持触媒を合成できると考えた。 
 






























up to 98% yield
         94% ee
 117 
触媒モノマー4-24 にアジド基を導⼊し、アルキン側鎖を有する既知の PQX(アルキニ





た。担持するアルキニル PQX 4-32 は杉野⽬研究室から供与を受け、銅触媒存在下での
Huisgen環化によって、PQX 担持触媒 4-33 を合成した。また、⽐較対象としてアジドモ
ノマー触媒 4-31 とフェニルアセチレンおよびアルキニルモノキノキサリンとの Huisgen
環化によりモノマー触媒 4-5e, 4-5fもそれぞれ合成した。 
 
Scheme 7. The synthesis of diphenylprolinol alkyl ether immobilized on PQX  
CuSO4•5H2O




























































































ルエーテル 4-5a、およびアジドモノマー4-31 と⽐べ本ポリマー担持触媒 4-33 の触媒活性
は低く、反応の完結に⻑時間を要することがわかった。この原因を考察するため、モノマ
ー触媒 4-5e, 4-5f についてもその活性検討を⾏った。単純な構造を有するモノマー4-5e で
もモノマー触媒 4-31 に⽐べて活性が低下しており、モノキノキサリン結合モノマー4-5f
においては PQX 触媒 4-33 とほぼ同等の反応速度を⽰すことがわかった。以上の検討か
ら、4位⽔酸基の周辺の⽴体環境は、反応点からは遠隔ではあるものの反応の速度に⼤き






ンの過程において失われたものと考えた。以上の結果より、PQX 担持触媒 4-33 は触媒の
定量的な回収に困難があり、またモノマー触媒 4-5f の時点でエナンチオ選択性の低下が
⾒られたため、触媒構造の改変が必要であると考えた。 
Table 2. The reactivity of catalysts related with PQX polymer 
 
Entry catalyst Time Conv [%] syn:anti Ee [%] 
1 4-5a 15 min 99 11:1 99 
2 4-31 20 min 90 11:1 95 
3 4-5e 1 h 97 8:1 91 
4 4-5f 4 h 97 4:1 88 












































































のち PMB の脱保護によって、スチレン部位を有する触媒モノマー4-35 を合成した。これ
を過剰量のスチレンおよび少量のジビニルベンゼンとともに AIBN 存在下加熱攪拌する





Scheme 8. The synthesis of catalyst immobilized on polystylene 
続いて PQX 触媒同様プロパナールとニトロスチレンを⽤いた不⻫ Michael 反応をモデ
ル反応とし、反応性の検討を⾏った (Table 3)。検討の結果、トルエン中で反応を⾏った






Table 3. The reactivity of the catalyst immobilized on polystylene 
 
Entry Solvent (Toluene:H2O) Time [h] Conv [%] syn:anti Ee [%] 
1 100:0 5 100 7:1 90 
2 25:75 2 100 10:1 95 






























































(Scheme 9) [9]。これは PS-PEG の PEG部位が⽔中で親⽔性の境界領域を形成し、基質の
疎⽔性反応場への濃縮を補助するためであることが提唱されている。 
 
Scheme 9. The asymmetric Suzuki-Miyaura coupling using PS-PEG ligand 4-39 in H2O 
筆者も同様の効果を期待し、触媒モノマーを PS-PEG 担体へと担持することを試みた。
触媒モノマー4-24より、4位⽔酸基のプロパルギル化と PMB基の脱保護を⾏い、担持前
駆体 4-42 を合成した。これと、アジドを末端に有するポリマーとの Huisgen環化によっ
て、PS-PEG 担持触媒 4-43 を合成した(Scheme 10)。 
 





Table 4. The reactivity of the catalyst immobilized on PS-PEG 
 
Entry Solvent (Toluene:H2O) Time [h] Conv [%] syn:anti Ee [%] 
1 100:0 6 80 4:1 93 
2 25:75 2.5 85 7:1 Nd 





































































































の結果を表に⽰す (Table 5)。 


















































































Table 6. The generality of the Michael reaction of aldehydes and nitroolefins  
using PS-PEG immobilized catalyst in H2O 
 
Entry R1 R2 Time [h] Yield [%] syn:anti Ee [%] 
1a Me Ph 0.5 94 5:1 93 
2 a Et Ph 0.75 90 8:1 97 
3 a Bn Ph 6 84 8:1 99 
4 a i-Pr Ph 20 85 16:1 99 
5 b Me 4-BrC6H4 0.66 80 8:1 91 
6 b Me 4-FC6H4 0.5 76 8:1 90 
7 b Me 4-MeOC6H4 1 80 7:1 93 
8 a Me Ph(CH2)2 3 86 4:1 93 



































Table 7. The reusability of the PS-PEG immobilized catalyst 
 
Cycles Conv [%] (isolated yield [%]) syn:anti Ee [%] 
1 100 (94) 5:1 93 
2 94 7:1 93 
3 72 7:1 93 





9-anthracencarboxylic acid (5 mol%)































Figure 3. The highly reactive and easy reusable PS-PEG immobilized organocatalyst  
in 15 min.
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第⼆章では有機触媒を⽤いた 2-(2-ニトロエチル)シクロヘキサ-1,3-ジオン 1 と不飽和
アルデヒド 2 との不⻫ドミノ Michael/aldol 反応を開発し、ステロイド⾻格の A,C,D環お






における合成効率の向上に関して⾮常に効果的であることを明らかとした (Figure 1)。 
 





に関して研究を⾏った。2-ニトロメチルベンズアルデヒド 4 と 3-(o-置換フェニル)プロペ







する⽴体化学情報が保持されているとは限らないことを明らかとした (Figure 2)。 
 
































Total   5 pots
Total 15% yield
Total   4 FCC purification
Total 12 pots
Total 4.5% yield
Total 10 FCC purification
Asymmetric domino Michael/aldol reaction
CHO
















































た (Figure 4)。 
 














































up to 99% ee
up to 98% ee
in 15 min.
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General Remarks All reactions were monitored by thin-layer chromatography using Merck 
60 F254 procoated silica gel plates (0.25 mm thickness). Specific optical rotations were 
measured using a JASCO P-2220 polarimeter. FT-IR spectra were recorded on a JASCO FT-
IR-410 spectrometer and a Perkin Elmer spectrum BX FT-IP spectrometer. 1H and 13C NMR 
spectra wre recorded on an Agilent-400 MR (400 MHz for 1H NMR, 100 M Hz for 13C NMR) 
instrument. Data for 1H NMR are reported as chemical shift (δ ppm), integration multiplicity 
(s = singlet, d = doublet, t = triplet, q = quartet, dd = doubledoublet, ddd = 
doubledoubledoublet, dt = doubletriplet, m = multiplet), coupling constant (Hz), Data for 13C 
NMR are reported as chemical shift. High-resolution ESI-TOF mass spectra were measured by 
Thermo Orbi-trap instrument. HPLC analysis was performed on a HITACHI Elite LaChrom 
Series HPLC, UV detection monitered at appropriate wavelength respectively. CD and related 
UV spectra were measured on a JASCO J-800. CD spectra were recorded for 8 scans, while IR 
spectra were recorded for 8 scans. All the spectra were corrected by solvent spectra obtained 
under the identical measurement conditions. The intensity of the CD spectrum was NOT 
corrected by the %ee of each sample. VCD and related IR spectra were measured on a JASCO 
FVS-6000 spectrometer equipped with an optical filter that passes through 2200-850 cm-1 light 
and a MCT-V detector. VCD spectra were recorded for 3000 scans, while IR spectra were 
recorded for 16 scans. All spectra were recorded using a 50-μm BaF2 cell at a resolution of 4 
cm-1 at ambient temperature. All the spectra were corrected by solvent spectra obtained under 
the identical measurement conditions. The intensity of the VCD spectrum was NOT corrected 
by the %ee of each sample. About computation for ECD and VCD spectras, molecular 
mechanics calculations of each molecule were first performed using SPARTAN’10 software.[1] 
Obtained geometries within 20 kJ/mol from the most stable for each molecule were submitted 
to density functional theory (DFT) optimizations at the B3LYP/6-311++G(2df,2pd) level of 
theory using PCM for acetonitrile (for ECD calculation) or for chloroform (for VCD 
calculation). All the DFT calculations in this study were carried out on Gaussian 16 package.[2] 
DFT-optimized stable conformers within DE 2.0 kcal/mol from the most stable one for each 
molecule were used for ECD, UV, VCD, and IR calculations. These spectra were calculated at 
the same level of theory used for optimization. For ECD and UV calculations, the first 80 
singlet à singlet electronic transitions of each conformer were calculated and then converted 
to ECD and UV spectra on GaussView 6 software using Gaussian band shapes with 0.200-
0.333 eV half-width at half height. For VCD and IR calculations, the calculated frequencies, 
dipole strengths and rotational strengths were converted to VCD and IR spectra on GaussView 
6 software using a peak half-width at half height of 4-6 cm-1. The calculated frequencies were 
 S-3 
scaled with a factor of 0.98. Final ECD, UV, VCD, and IR spectra of each conformer were 
averaged according to its Boltzmann populations simulated at 298 K. 
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Chapter 1. 有機触媒を⽤いたエストラジオールメチルエーテルの 5-ポット合成 
1. General procedure for domino Michael/aldol reaction 
 
Compounds 1-34 were synthesized by general procedure. 
The relative configuration was determined by NOESY spectra. 
1-34h was employed 20 mol% catalyst. 1-34i was employed 3 eq. of Michael accepter. 
 
Synthesis of 1-34a (general procedure) 
 
The solution of nitrodiketone 1-32 (153.7 mg, 0.83 mmol) in 1.3 mL of i-PrOH, PhCOOH (20.8 mg, 
0.17 mmol), catalyst (26.0 mg, 0.08 mmol) and H2O (44.8 μL, 2.4 mmol) was stirred at room temperature 
for 5 minutes. Then the solution of the aldehyde 1-33a (126μL, 1.0 mmol) in i-PrOH (5.3 ml) was dropped 
into reaction system slowly over 10 h by syringe pump. After stirring it for additional 1 h, the reaction 
solution was concentrated in vacuo at 40 ℃ for 1 h. The crude material was purified by silica gel column 
chromatography (eluted by EtOAc/hexane = 1:2). The product 1-34a was obtained in 91% yield (288 mg) 
as a pale yellow solid; Enantiomeric excess was determined by HPLC analysis after conversion of 1-34a 
to 1-34a’ by dimethyl-acetalization. 
 
Synthesis of 1-34a’ (General procedure for acetalization) 
 
To a solution of aldehyde 1-34a (210mg, 0.7 mmol) in CH2Cl2 (700 μl), p-TsOH (9.5 mg, 0.07 mmol) 
was added at room temperature. The mixture was cooled to 0 ℃ and HC(OMe)3 (383 µL, 3.5 mmol) was 
added. After stirring the reaction mixture for 30 min at this temperature, and the reaction was quenched 
with phosphate buffer (pH = 7.0, 3.0 ml). The reaction mixture was extracted with EtOAc (5.0 ml) three 












































































































vacuo after filtration. After preparative TLC purification of crude materials, the product 1-34a’ was 
obtained in quantitative yield as a white solid;  
 
2. Total synthesis of estradil methyl ether  
Synthesis of 1-46 
 
The solution of 1-34b (500mg, 1.44 mmol) and nitromethane (231ml, 4.32 mmol) in 1.44 ml of CH2Cl2 
was added Et3N (300ml, 2.16 mmol) at room temperature. After stirring the reaction mixture for 14 h, the 
solution of AcOH (120 ml, 2.16 mmol) in 4.8 ml of CH2Cl2 to quench Et3N. After stirring for 30min at 
room temperature, the resulting solutions was additionally stirring for 30 min at 0 ˚C. Then, Ac2O (204 
ml, 2.16 mmmol) and DMAP (17.7 mg, 0.145 mmol) were added. After stirring for 1h, the reaction was 
quenched by K2CO3 aq. (4.38 mmol). The resulting mixture was washed by brine (10 ml, 3 times), dried 
over Na2SO4, filtrated and concentrated in vacuo. The resulting mixture was added Et2O and generated 
solid gathered (pure TM), and resulting soluteons was purifyied by column chromathograpy (eluted by 
hexane/AcOEt = 2:1). Finally, 450 mg of pure 1-46 was obtained. 
 
Synthesis of 1-49 
 
The solution of 1-34b (2.47 g, 7.11 mmol) in MeCN (47.4 ml) was added KCN aq. (10 ml, 7.1 M, 71.1 
mmol) at -20 ˚C. After stirring the reaction mixture for 40min, reacting mixture was added NH4Cl aq. (50 
ml, 0 ˚C) and the organic layers were washed NH4Cl aq. Dried over Na2SO4. Following filtration and 
concentration, 2.40 g of crude material containing 1-48 was obtained. Then the crude material was 
dissolved into 14.2 ml of DMF. The solution was added CS2Im (1.9 g, 10.66 mmol) and DMAP (260 mg, 
2.13 mmol) and stirred for 40 min. The resulting reaction mixture was added 60 ml of H2O and the 



























































KCN aq. (10.0 eq.)
MeCN
-25 ˚C, 40 min
Im2CS (1.5 eq.)
DMAP (0.3 eq.)
DMF, rt, 1 h
79% (2 steps)
 S-6 
Synthesis of 1-52 
 
The solution of 1-34b (1494 mg, 4.3 mmol) and CS2 (1.30 ml, 21.5 mmol) in 29 ml of MeCN was 
added KCN aq. (6.32 ml, 6.9 M, 43 mmol) at –18 ˚C and stirred for 10 min. then MeI (1.338 ml, 21.5 
mmol was added and stirred for 30min at the temperature. Then, reaction mixture was added sat. NH4Cl 
aq. (30 ml), and extracted by AcOEt (20 ml, 3 times). The organic layers were washed by sat. NH4Cl aq 
(20 ml), and brine (20 ml, 2 times). After drying by Na2SO4 and filtration, 2000 mg of crude materials 
containing 1-51 were obtained. Then the crude materials were dissolved to pyridine (28.6 ml). The 
solution was added SOCl2 (1.40 ml, 19.35 mmol) at 0˚C, and stirred for 30 min. Then, reaction mixture 
was added 70 ml of 1N HCl aq. and extracted by extracted by AcOEt (20 ml, 3 times). The organic layers 
were washed by sat. NH4Cl aq (20 ml), and brine (20 ml, 2 times). After drying by Na2SO4 and filtration, 
analytical pure 1-52 (1790 mg) was obtained as yellow solid. 
 
Synthesis of 1-54 
 
The solution of 1-52 (1790 mg, 4.0 mmol), nBu3SnH (4.31 ml, 16 mmol) and AIBN (525 mg, (3.2 
mmol) in 40 ml of benzene was stirred for 2 h at 80 ˚C. After cooling to room temperature, the resulting 
solution was concentrated in vacuo. Then the crude materials were washed with MeCN / hexane solutions 
to remove excess Sn wastes. The MeCN layers were gathered and concentrated in vacuo. After column 
chromatography (Hexane : AcOEt = 2 :1), 1061 mg of 1-53 was obtained. The 1-53 was mixed with 
biphenyl (18.5 g, 120 mmol), nBu3SnH (7.8 ml, 29.0 mmol), AIBN (476 mg, 2.90 mmol). The mixtures 
were heated to 80˚C to melt biphenyl and make homogeneous solution. Then heated at 250 ˚C by pre-
heated oil bath for 5 min. After the reaction, reaction system was reduced pressure to 0.1 mmHg and kept 
at 80 ˚C for 3 h to remove biphenyl. Then the lasting materials at the flask were washed with MeCN / 
hexane solutions to remove excess Sn wastes. The MeCN layers were gathered and concentrated in vacuo. 
































































Synthesis of 1-57 
 
The solution of 1-54 (116 mg, 0.40 mmol) in 2.0 mL of AcOEt was added Pd/C (116 mg, 10 wt%) 
and stirred under H2 atmosphere (1 atm) for 20 h at room temperature. After filtration to remove Pd, 103 
mg of pure 1-57 was obtained. 
 
Synthesis of 1-65 
 
The soluteon of 1-54 (320 mg, 1.08 mmol) in 22 mL of MeOH was added NaBH4 (61 mg, 1.62 mmol) 
at 0 ˚C. After stiring for 45 min, the resulting mixtrure was added 20 mL of 1N HCl aq. and the generated 
solid was isolated. The solid is almost pure 1-64 (307 mg). The solution of 1-64 (256 mg, 0.86 mmol) 
and imidazole (585 mg, 8.60 mmol) in 5.74 mL of DMF was added TBSCl (452 mg, 3.01 mmol) and 
stirred for 1h at room temperature. After the reaction, the reaction mixture was diluted by AcOEt and 
quenched by sat. NaHCO3 aq. (10 mL). The mixture extracted by AcOEt (10 mL, 3 times) and washed 
by brine (20 mL). The crude materials were obtained after drying over Na2SO4, filtration and 
concentration in vacuo. TM 1-65 was obtained after column purification (eluted by Hexane/AcOEt = 
10:1). When reduced by LiBHEt3, THF was used as a solvent and other conditions is same with the 
procedure for NaBH4. 
 
Synthesis of 1-66 
 
The soluteon of 1-65 (103 mg, 0.25 mmol) in MeOH (50 mL) was added Pd/C (103 mg, 10 wt%) and 
stired under H2 atmosphere at room temperature for 13 h. After filtrateion to remove the Pd, residue was 





























             1-64
dr =       8 : 1 (NaBH4)



























Synthesis of 1-72 
 
The solution of 1-54 (350 mg, 1.185 mmol) in 2.37 ml of THF was added LiBHEt3 (1.367 ml, 1.0 M) 
at -78 ˚C. After stirring for 3 h, reaction was quenched by adding 25 mL of 1N HCl aq. After extraction 
by AcOEt (5 mL, 3 times), the organic layers were washed by brine (10 mL), dried over Na2SO4, filtrated 
and concentrated in vacuo. 440 mg of crude material containing 1-64 was obtained. The solution of the 
crude material in 7.9 mL of DMF was added 0.797 mL of TIPSOTf (2.963 mmol) and 404 mg of imidazole 
(5.93 mmol) at 60 ˚C. After stirring for 12 h, reaction was quenched by brine and MeOH and the organic 
materials were extracted by AcOEt (10 mL, 3 times). The organic layers were washed by brine (10mL, 2 
times), dried over Na2SO4, filtrated, and concentrated in vacuo. After purification by column 
chromatography (eluted by Hexane/AcOEt = 10:1), 436 mg of 1-72 was obtained. 
 
Synthesis of 1-73 
 
The solution of 1-72 (355 mg, 0.733 mmol) in 2.44 mL of CH2Cl2 was added DIBAL (1.1 mL, 1.0M 
in hexane) at 0 ˚C. After stirring for 4 h, reaction was quenched by 5 mL of 1N HCl aq. After stirring 
additionally 4h, organic components were extracted by AcOEt (5 mL, 2 times). The organic layers were 
washed with brine (10 mL), dried over Na2SO4, filtrated and concentrated in vacuo. After purification of 
the crude materials by column chromatography (eluted by Hexane/AcOEt = 10:1), 29 mg of 1-73 was 
obtained. 
 
Synthesis of 1-74 
 
The soluteon of 1-73 (60 mg, 0.131 mmol), NaH2PO4•H2O (63 mg, 0.526 mmol) and 2-methyl-2-
butene (0.278 mL, 2.63 mmol) in tBuOH (1.5 mL) and H2O (0.375 mL) was added the solution of NaOCl2 
(30 mg, 70% purity, 0.263 mmol) at 0 ˚C. After stiring for 1 h, reaction was quenched by adding 5 mL of 
brine. The organic components were extracted by AcOEt (5 mL, 2 times). The organic layers were washed 
with brine (10 mL), dried over Na2SO4, filtrated and concentrated in vacuo. The residue was purifyied by 




















































Synthesis of 1-75 
 
The solution of 1-74 (189 mg, 0.40 mmol) in 8 mL of MeOH was added 227 mg of Pd(OH)2 (10 wt%) 
and stirred under H2 atmosphere (5 atm) for 14 h at room temperature. After the reaction, Pd(OH)2 was 
removed by filtration. The crude material after concentration was purified by column chromatography 
(eluted by Hexane/AcOEt = 5:1, 1% AcOH). 129 mg of 1-75 was obtained. 
 
Synthesis of 1-76 
 
The solution of 1-75 (42 mg, 0.0875 mmol) in 3.5 mL of CH2Cl2 was added (COCl)2 (15 μL, 0.175 
mmol) and stirred for 2.5 h at room temperature. Then, AlCl3 (23.3 mg, 0.175 mmol) was added and 
reaction mixture was stirred additionally 30 min. After the quenching with sat NaHCO3 aq. (5 mL) and 
filtration, the organic components were extracted by AcOEt (5 mL, 2 times). The organic layers were 
washed with brine (10 mL), dried over Na2SO4, filtrated and concentrated in vacuo. The residue was 
purified by column chromatography (eluted by Hexane/AcOEt = 2:1) afforded 21 mg of 1-76. 
 
Synthesis of estradiol methyl ether 
 
The solution of 1-76 (12 mg, 0.04 mmol) in 0.8 mL of AcOH was added 12 mg of Pd(OH)2 and stirred 
unde H2 atmosphere (1 atm) for 12 h. After the reaction and removing Pd(OH)2 by filtration, The crude 
material was purified by column chromatography (eluted by Hexane/AcOEt = 2:1). 10 mg of estradiol 

















































3. 5-pot synthesis of estradiol methyl ether  
1st pot 
 
To the solution of nitroalkane 1-32 (55.8 mg, 0.30 mmol), catalyst (9.8 mg, 0.03 mmol), benzoic acid 
(6.7 mg, 0.06 mmol) and water (16.2 μl, 0.90 mmol) in i-PrOH (480 μl), the solution of the unsaturated 
aldehyde 1-33b (59.0 mg, 0.36 mmol) in i-PrOH (1.92 ml) was added slowly over 10 h by the syringe 
pump. After stirring the reaction mixture for additional 1 h, the resulting solution was concentrated in 
vacuo (40 ˚C, 1 h). After the crude material was dissolved in MeCN (2.0 ml), CS2 (90.8 μl, 1.50 mmol) 
was added to the solution. Aq. KCN (88.2 μl, 0.33 g/ml, 0.60 mmol) was added to the solution at -20 
˚C and the solution was stirred for 10 min. Then, MeI (93.2 μl, 1.50 mmol) was added to the reaction 
mixture. After stirring it for 30 min at -20 ˚C, the resulted reaction mixture was concentrated in vacuo. 
The crude material was dissolved in pyridine (2.0 ml) and the solution was cooled to 0 ˚C. SOCl2 (135.2 
μl, 1.35 mmol) was added to the solution and the color turned to dark blown. After stirring it for 30 min, 
the reaction mixture was quenched by 1 N aq. HCl (4.0 ml) and extracted with EtOAc (5.0 ml) twice. The 
organic layers were washed with brine (5.0 ml) twice, dried over Na2SO4 and concentrated in vacuo after 
filtration. The crude material was purified by column chromatography (eluted by hexane/EtOAc = 2:1) 




Compound 1-52 (268 mg, 0.60 mmol), AIBN (78.8 mg, 0.48 mmol) and nBu3SnH (1.29 ml, 4.8 mmol) 
were dissolved in anisole (2.0 ml), then the solution was heated in MW reactor. First, the temperature was 
raised to 80 ˚C in 40 sec, and the reaction was performed for 1 min at this temperature. Then, the 
temperature was raised to 200 ˚C in 90 sec, and the reaction was performed for 3 min at the temperature. 
After the completion of the reaction, the solution was concentrated in vacuo to remove anisole and then 
the crude material was purified by column chromatography (eluted by hexane/EtOAc = 3:1), to give the 

















































3rd and 4th pot 
 
To the solution of compound 1-54 (177.2 mg, 0.60 mmol) in CH2Cl2 (2.0 ml) was added LiBHEt3 (1.0 
M hexane solution, 600 μl, 0.60 mmol) at -78 ˚C. The reaction mixture was stirred for 2 h, then DIBAL 
(1.0 M, 1.2 ml, 1.2 mmol) was added to the reaction mixture and the reaction mixture was warmed to 0 
˚C. After stirring it for 12 h, 1 N aq. HCl (4.0 ml) was added to the reaction mixture at -30 ˚C and the 
reaction mixture was stirred for additional 12 h at room temperature. The reaction mixture was extracted 
with EtOAc (5.0 ml) three times. The organic layers were washed by brine (5.0 ml) twice. The organic 
layers were dried over Na2SO4, and concentrated in vacuo after filtration. To the solution of crude 
materials in DMF (4.0 ml) were added imidazole (245 mg, 3.6 mmol) and TIPSOTf (484 μl, 1.8 mmol). 
The reaction mixture was stirred for 4 h at 60 ˚C, and quenched by phosphate buffer (4.0 ml, pH 7). The 
reaction mixture was extracted with EtOAc (5.0 ml) three times, then the organic layers were washed by 
brine (10 ml), dried over Na2SO4, and concentrated in vacuo after filtration. The residue was purified by 
column chromatography (eluted by hexane/EtOAc = 10:1) to give compound 1-73 (160 mg, 0.35 mmol) 




The compound 1-73 (84.0 mg, 0.184 mmol), NaH2PO4•2H2O (124.0 mg, 0.796 mmol) and 2-methyl-
2-butene (421 μl, 3.68 mmol) were dissolved in t-BuOH (2.1 ml) and water (0.53 ml). The solution was 





















































































it for 1 h, acetaldehyde (10 μl, 0.184 mmol) was added to the reaction mixture to quench the oxidant 
and the solution was stirred more 30 min. Then, AcOH (3.7 mL) and Pd(OH)2 (10 wt%, 100 mg, 12 wt% 
as pure Pd(OH)2 for substrate) were added to the reaction mixture. The reaction mixture was stirred under 
5 atm of H2 atmosphere at room temperature for 17 h. The resulting solution was concentrated in vacuo 
to remove AcOH and water completely. CH2Cl2 (7.36 ml) and (COCl)2 (158 μl, 1.84mmol) were added 
to the residue, and stirring the reaction mixture for 3 h at room temperature, then, AlCl3 (49.0 mg, 0.368 
mmol) was added to the reaction system. The color of reaction mixture was changed to red and the 
reaction mixture was stirred for 1 h. The reaction was quenched by addition of MeOH (5.5 ml) and the 
solvent was removed in vacuo. AcOH (7.36ml) and Pd(OH)2 (10 wt%, 100 mg, 12 wt% as pure Pd(OH)2 
for substrate) was added to the resulted mixture and the reaction mixture was stirred under 5 atm H2 
atmosphere at room temperature for 12 h. After the completion of the reaction, the mixture was 
concentrated after filtration. The residue was purified by column chromatography (eluted by 
hexane/EtOAc = 2:1) to afford estradiol methyl ether (29.0 mg, 0.10 mmol, 55% yield) as colorless oil. 
 
4. SM synthesis 
 
The solution of 2-methyl-cyclopenta-1,3-dione (1-16) (16.20 g, 144.6 mmol), 2-nitroethanol (1-38) 
(12.4 ml, 173.5 mmol), succinic anhydride (34.70 g, 347.0 mmol) and nBu3P (11.73 ml, 43.3 mmol) in 
MeCN (289 ml) was heated to reflux and stirred vigorously for 2.5 h. Then, 300 ml of water was added 
to the reaction mixture and the mixture was stirred for 30 min at 100 ˚C. The reaction mixture was 
extracted by EtOAc (200 ml) twice. The organic layers were washed with brine three times. Then, The 
organic layers were dried over Na2SO4 and concentrated in vacuo after filtration. The residue was purified 
by column chromatography (eluted by hexane/EtOAc = 2:1) to give 1-32 (17.3 g, 93.4 mmol) in 65% 
yield as an orange solid. 1-32 is known compound (CAS No. 1020110-71-7)1). 1) J. M. Carr, T. S. 
Snowden, Tetrahedron, 2008, 64, 2897. 1-32 is commercially available. Commercial sources: 
Apichemical (Shanghai) Product List, Atomax Chemicals Product List, Chemieliva Pharmaceutical 






succinic anhydride (2.4 eq.)










¹H NMR (400 MHz, CDCl3) δ 1.29 (3H, s), 1.97-2.12 (2H, m), 2.12-2.17 (1H, m), 2.47-2.53 (1H, m), 
2.58-2.62 (2H, m), 3.04 (1H, s), 3.07 (d, J = 11.6 Hz), 3.68 (1H, dd, J = 11.6, 11.6 Hz), 4.89 (1H, ddd, J 
= 11.6, 11.6, 4.4 Hz), 7.26-7.41 (5H, m), 9.55 (1H, d, J = 0.8 Hz);  
13C NMR (100 MHz, CDCl3) δ 13.4, 28.4, 32.6, 35.7, 45.9, 53.0, 56.1, 79.6, 87.2, 128.1 (2C), 129.0, 
129.6 (2C), 135.1, 203.7, 215.6;  
IR (KBr) ν(cm-1) : 3471, 1741, 1725, 1636, 1553, 1374, 702;  
[#]!"# = −41.30 (c 1.18, CHCl3);  
mp = 171-172 ℃;  
Rf = 0.55 (hexane-EtOAc = 1:1); 






¹H NMR (400 MHz, CDCl3)  δ 1.27 (3H, s), 1.95-2.14 (3H, m), 2.46-2.52 (1H, m), 2.57-2.61 (2H, m), 
2.99 (1H, d, J = 13.2 Hz ), 3.06 (d, J = 3.2 Hz), 3.62 (1H, dd, J = 13.2, 1.6 Hz), 3.79 (3H, s), 4.84 (1H, 
ddd, J = 11.8, 11.8, 4.3 Hz), 6.90 (2H, d, J = 8.4 Hz), 7.19 (2H, d, J = 8.8 Hz), 9.55 (1H, d, J = 0.8 Hz);  
13C NMR (100 MHz, CDCl3) δ13.4, 28.4, 32.6, 35.7, 45.2, 53.0, 55.3, 56.1, 79.6, 87.4, 115.0 (2C), 126.7, 
129.1 (2C), 159.9, 204.0, 215.7;  
IR (KBr) ν(cm-1) : 3464, 2949, 1722, 1553, 1517, 1381, 1254, 1184, 1027;  
[#]!"# = −46.12 (c 0.93, CHCl3); 
mp = 161-162 ℃;  
Rf = 0.41 (hexane-EtOAc = 1:1);  




















¹H NMR (400 MHz, CDCl3) δ1.28 (3H, s), 1.96-2.09 (2H, m), 2.09-2.15 (1H, m),2.33 (3H, s), 2.44-2.52 
(1H, m), 2.57-2.61 (2H, m), 3.00 (1H, dd, J = 13.2, 0.8 Hz), 3.63 (1H, dd, J = 13.2, 11.2 Hz), 4.86 (1H, 
ddd, J = 12.0, 12.0, 4.4 Hz), 7.14-7.20 (4H, m), 9.54 (1H, d, J = 1.2 Hz);  
13C NMR (100 MHz, CDCl3) δ13.4, 21.0, 28.3, 32.6, 35.6, 45.5, 53.1, 56.2, 79.6, 87.2, 127.8 (2C), 130.2 
(2C), 138.8, 203.8, 215.9;  
IR (KBr) ν(cm-1) : 3491, 2927, 1739, 1726, 1553, 1374, 1051;  
[#]!"# = −38.40 (c 0.63, CHCl3);  
mp = 187-188 ℃;  
Rf = 0.19 (hexane-EtOAc = 2:1);  






1H NMR (400 MHz, CDCl3) δ 1.29 (3H, s), 1.97-2.05 (2H, m), 2.08-2.14 (1H, m), 2.44-2.52 (1H, m), 
2.58-2.62 (2H, m), 2.92 (1H, s), 3.03 (1H, dd, J= 13.2, 0.8 Hz), 3.69 (1H, dd, J = 13.2, 11.6 Hz), 4.83 
(1H, ddd, J = 11.6, 11.6, 4.8 Hz), 7.07-7.12 (2H, m), 7.24-7.29 (2H, m), 9.57, (1H, d, J = 0.8 Hz);  
13C NMR (100 MHz, CDCl3) δ13.4, 28.3, 32.6, 35.6, 45.0, 53.1, 56.4, 79.6, 87.1, 116.6(2C, d, J = 22 
Hz), 129.8 (2C, d, J= 8.3 Hz), 130.9 (d, J =3.8 HZ), 162.6 (d, J = 248 Hz) 203.0, 215.6;  
IR (KBr) ν(cm-1) : 3494, 2931, 1741, 1724, 1554, 1512, 1374, 1228, 837, 735;  
[#]!"$ = −57.60 (c 0.91, CHCl3);  
mp = 84-85 ℃;  
Rf = 0.23 (hexane-EtOAc = 2:1);  




















1H NMR (400 MHz, CDCl3) δ1.17 (3H, s), 1.86-2.01 (3H, m), 2.33-2.41 (1H, m), 2.46-2.50 (2H, m), 
2.96 (1H, dd, J = 13.2, 0.8 Hz), 3.58 (1H, dd, J= 13.2, 12.0 Hz), 4.72 (1H, ddd, J = 11.6, 11.6, 4.8 Hz), 
7.10-7.13 (2H, m), 7.24-7.26 (2H, m), 9.46, (1H, d, J = 1.2 Hz);  
13C NMR (100 MHz, CDCl3) δ13.4, 28.3, 32.6, 35.6, 45.1, 53.1, 56.3, 79.6, 86.9, 129.4 (2C), 129.8 (2C), 
133.7, 134.9, 202.8, 215.5;  
IR (KBr) ν(cm-1) : 3488, 2931, 1745, 1724, 1553, 1487, 1375, 1091, 825, 506, 429;  
[#]!"% = −50.52 (c 0.91, CHCl3);  
mp = 165-166 ℃;  
Rf = 0.17 (hexane-EtOAc = 3:1); 






1H NMR (400 MHz, CDCl3) δ1.29 (3H, s), 1.99-2.05 (2H, m), 2.08-2.14 (1H, m), 2.42-2.51 (1H, m), 
2.57-2.62 (2H, m), 2.89 (1H, br), 3.03 (1H, d,J = 12.8 Hz), 3.67 (1H, dd, J= 13.6, 13.6 Hz), 4.83 (1H, 
ddd, J = 11.6, 11.6, 5.2 Hz), 7.17 (2H, d, J = 8.4 Hz), 7.52 (2H, d, J = 8.4 Hz), 9.57 (1H, s);  
13C NMR (100 MHz, CDCl3) δ13.4, 28.4, 32.6, 35.6, 45.3, 53.0, 56.2, 79.6, 86.9, 123.1, 129.7 (2C), 
132.8 (2C), 134.2, 202.9, 215.3;  
IR (KBr) ν(cm-1) : 3474, 2931, 1740, 1724, 1553, 1373, 781, 734;  
[#]!"& = −42.95 (c 0.48, CHCl3);  
mp = 176-177 ℃;  
Rf = 0.17 (hexane-EtOAc = 3:1);  





















1H NMR (400 MHz, CDCl3) δ1.29 (3H, s), 2.00-2.05 (2H, m), 2.08-2.14 (1H, m), 2.44-2.53 (1H, m), 
2.57-2.62 (2H, m), 2.90 (1H, br), 3.27 (1H, br), 3.85 (1H, br), 5.14 (1H, br), 7.09-7.37 (4H, m), 9.62 (1H, 
s);  
13C NMR (100 MHz, CDCl3) δ13.3, 28.1, 32.6, 35.6, 53.2, 55.0, 79.6, 84.6, 116.7 (d, J = 22 Hz), 122.11 
(d, J = 12 Hz), 125.2 (d, J = 3 Hz), 130.8 (d, J = 10 Hz), 160.1 (d, J = 246 Hz), 203.0, 215.7; 
IR (KBr) ν(cm-1) : 3468, 2975, 1741, 1725, 1635, 1555, 1493, 1374, 1227, 764, 738;  
[#]!"% = −49.12 (c 0.45, CHCl3); 
mp = 190-191 ℃;  
Rf = 0.57 (hexane-EtOAc = 1:1);  






1H NMR (400 MHz, CDCl3) δ1.27 (3H, s), 2.00-2.24 (m, 4H), 2.57 -2.64 (m, 3H), 2.84 (d, 1H, J = 14.0 






1H NMR (400 MHz, CDCl3) δ0.90 (3H, d, J = 6.8 Hz,minor diastereomer)1.06 (3H, d, J = 10.4 Hz, major 
diastereomer ), 1.14 (3H, s, minor and major diastereomer), 1.77-2.82 (9H, m,major and minor 
diastereomer), 4.05 (1H, ddd, J = 4.4, 12.4, 12.4 Hz, minor diasteromer), 4.38 (1H, ddd, J = 4.3, 11.8, 























13C NMR (100 MHz, CDCl3) δ13.1, 16.3, 28.4, 33.7, 33.7, 35.5, 53.3, 58.5, 79.5, 87.3, 203.1, 216.1;  
IR (KBr) ν(cm-1) : 3484, 2974, 2927, 2880, 2742, 1741, 1724, 1552, 1469, 1377, 1345, 1228, 1083, 958; 
[#]!"' = −20.19 (c = 0.96, CHCl3);  






¹H NMR (400 MHz, CDCl3) δ 1.25 (3H, s), 1.89 (1H, dd, J = 12.8, 4.0 Hz), 2.01(1H, dd, J = 13.0, 13.0 
Hz), 2.26(1H, dt, J = 10.0, 1.6 Hz), 2.41-2.61 (4H, m), 3.29 (3H, s), 3.32 (3H, s), 3.43 (1H, dd, J = 12.2, 
12.2 Hz), 3.85 (1H, d, J = 3.6 Hz), 4.44 (1H, s), 4.87 (1H, ddd, J = 12.0, 12.0, 4.0 Hz), 7.00-7.50 (5H, 
br);  
13C NMR (100 MHz, CDCl3) δ 13.8, 30.7, 33.2, 35.8, 46.9, 47.0, 53.4, 57.8, 58.0, 80.3, 88.0, 109.2 
(2C), 109.3, 128.3 (2C), 129.2, 136.8, 218.1,  
IR (KBr) ν(cm-1) : 3469, 2946, 1741, 1553, 1375, 1056;  
[#]!"$ = −66.77 (c 0.40, CHCl3);  
mp = 150-151 ℃;  
Rf = 0.66 (hexane-EtOAc = 1:1);  
HRMS (ESI) Any identical peak of 1-34a’ couldn't be observed. (1-34a’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a CHIRALPARK OJ-H column (i-






¹H NMR (400 MHz, CDCl3) δ1.23 (3H, s), 1.86 (1H, dd, J = 13.2, 4.0 Hz), 1.99 (1H, dd, J = 12.8, 12.8 
Hz), 2.24 (1H, ddd, J = 14.8, 4.8, 1.2 Hz), 3.87 (1H, d, J = 3.2 Hz), 4.45 (1H, s), 4.81 (1H, ddd, J = 12.0, 
12.0, 4.0 Hz), 6.70-7.28(4H, br);  















114.1 (br), 115.5 (br), 126.1 (br), 128.8, 132.2 (br), 159.6, 218.5;  
IR (KBr) ν(cm-1) : 3469, 2931, 2837, 1741, 1552, 1509, 1371, 1225, 1059, 540, 429, 409;  
[#]!"# = −71.00 (c 0.90, CHCl3);  
mp = 134-135 ℃;  
Rf = 0.62 (hexane-EtOAc = 1:1);  
HRMS (ESI) Any identical peak of 1-34b’ couldn't be observed. (1-34b’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a ChiralPak OD-H column (i-PrOH-





¹H NMR (400 MHz, CDCl3) δ1.21 (3H, s), 1.84 (1H, dd, J = 12.8, 4.0 Hz), 1.98 (1H, dd, J = 13.2, 13.2 
Hz), 2.22 (1H, dt, J = 11.6, 4.0 Hz), 2.30 (3H, s), 2.40-2.58 (4H, m), 3.26 (3H, s), 3.29 (3H, s), 3.36 (1H, 
dd, J = 12.2, 12.2 Hz), 3.85 (1H, d, J = 3.6 Hz), 4.45 (1H, s), 4.82 (1H, ddd, J = 12.0, 12.0, 4.0 Hz), 6.80-
7.30 (4H, br);  
13C NMR (100 MHz, CDCl3) δ 13.7, 21.0, 30.6, 33.1, 35.7, 46.5, 46.7, 53.3, 57.6, 57.9, 80.2, 87.9, 109.1, 
124.5 (br), 129.7 (2C, br), 130.6 (br), 133.5, 137.8, 218.1;  
IR (KBr) ν(cm-1) : 3469, 2924, 1741, 1552, 1511, 1226, 1059, 540, 429;  
[#]!"$ = −59.7 (c 0.41, CHCl3);  
mp = 155-156 ℃;  
Rf = 0.69 (hexane-EtOAc = 1:1); 
HRMS (ESI) Any identical peak of 1-34c’ couldn't be observed. (1-34c’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a ChiralPak IC column (i-PrOH- 













¹H NMR (400 MHz, CDCl3) δ1.24 (3H, s), 1.89 (1H, dd, J = 13.2, 4.0 Hz), 2.00(1H, dd, J = 12.8, 12.8 
Hz), 2.22-2.27 (1H, m), 2.41-2.59 (4H, m), 3.29 (3H, s), 3.34 (3H, s), 3.43 (1H, dd, J = 12.2, 12.2 Hz), 
3.84 (1H, d, J = 3.2 Hz), 4.41 (1H, s), 4.81 (1H, ddd, J = 12.0, 12.0, 4.0 Hz), 6.95-7.40 (4H, br);  
13C NMR (100 MHz, CDCl3) δ 13.7, 30.5, 33.1, 35.6, 46.3, 46.9, 53.2, 57.7, 57.9, 80.1, 87.8, 108.9, 
115.1-117.5 (2C, br), 126.4 (br), 132.5 (2C), 162.2 (d, J = 247 Hz), 217.9;  
IR (KBr) ν(cm-1) : 3480, 2927, 1741, 1552, 1511, 1227, 1131, 1059, 785, 734;  
[#]!"# = −43.71 (c 0.63, CHCl3);  
mp = 62-63 ℃;  
Rf = 0.47 (hexane-EtOAc = 2:1); 
HRMS (ESI) Any identical peak of 1-34d’ couldn't be observed. (1-34d’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a ChiralPak IC column (i-PrOH-





¹H NMR (400 MHz, CDCl3) δ 1.24 (3H, s), 1.89 (1H, dd, J = 13.2, 4.0 Hz), 1.99(1H, dd, J = 12.8, 12.8 
Hz), 2.22-2.26 (1H, m), 2.40-2.58 (4H, m), 3.29 (3H, s), 3.34 (3H, s), 3.43 (1H, dd, J = 12.2, 12.2 Hz), 
3.84 (1H, d, J = 3.6 Hz), 4.40 (1H, s), 4.81 (1H, ddd, J = 12.2, 12.2, 4.4 Hz), 7.00-7.40 (4H, br);  
13C NMR (100 MHz, CDCl3) δ 13.7, 30.5, 33.1, 35.6, 46.4, 46.8, 53.2, 57.7, 57.9, 80.0, 87.6, 109.8, 126.2 
(br), 128.8-129.6 (2C, br), 129.5 (br), 132.1 (br), 134.0, 135.4, 217.8;  
IR (KBr) ν(cm-1) : 3476, 2938, 1742, 1552, 1372, 1059;  
[#]!"# = −52.72 (c 0.32, CHCl3);  
mp = 72-73 ℃;  
Rf = 0.40 (hexane-EtOAc = 3:1);  
HRMS (ESI) Any identical peak of 1-34e’ couldn't be observed. (1-34e’ is unstable in the ESI MS 
analysis) 





















mp = 82-83 ℃;  
Rf = 0.40 (hexane-EtOAc = 3:1);  
[#]!"# = −47.76 (c 0.43, CHCl3);  
IR (KBr) ν(cm-1) :3472, 2931, 1741, 1552, 1058;  
¹H NMR (400 MHz, CDCl3) δ 1.23 (3H, s), 1.89 (1H, dd, J = 13.2, 4.0 Hz), 1.99(1H, dd, J = 12.8, 12.8 
Hz), 2.22-2.26 (1H, m), 2.40-2.60 (4H, m), 3.29 (3H, s), 3.35 (3H, s), 3.42 (1H, dd, J = 12.0, 12.0 Hz), 
3.85 (1H, d, J = 3.6 Hz), 4.40 (1H, s), 4.81 (1H, ddd, J = 12.0, 12.0, 4.4  Hz), 6.95-7.62 (4H, br);  
13C NMR (100 MHz, CDCl3) δ 13.7, 30.5, 33.0, 35.6, 46.4, 46.7, 53.2, 57.6, 57.8, 80.0, 87.5, 108.7, 122.1, 
126.5 (br), 132.2 (3C, br), 135.9, 217.8;  
HRMS (ESI) Any identical peak of 1-34f’ couldn't be observed. (1-34f’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a ChiralPak IC column (i-PrOH-





¹H NMR (400 MHz, CDCl3) δ 1.23 (3H, s), 1.88 (1H, dd, J = 13.2, 4.0 Hz), 1.99 (1H, dd, J = 12.8, 12.8 
Hz), 2.22-2.27 (1H, m), 2.40-2.60 (4H, m), 3.28 (3H, s), 3.33 (3H, s), 3.43 (1H, dd, J = 12.0, 12.0 Hz), 
3.83 (1H, d, J = 3.6 Hz), 4.41 (1H, s), 4.81 (1H, ddd, J = 12.0, 12.0, 4.0 Hz), 6.95-7.40 (4H, br);  
13C NMR (100 MHz, CDCl3) δ 13.8, 30.6, 33.1, 35.7, 46.3, 47.0, 53.3, 57.8, 57.9, 80.2, 87.9, 109.0, 
114.7-117.0 (2C, br), 126.4 (br), 132.4 (2C, br), 132.6 (d, J = 3 Hz), 162.3 (d, J = 247 Hz), 217.9;  
IR (KBr) ν(cm-1) : 3458, 2952, 2880, 2844, 1742, 1582, 1553, 1492, 1451, 1376, 1231, 1056, 760;  
[#]!"$ = −62.54 (c 0.68, CHCl3);  
mp = 163-164 ℃;  
















HRMS (ESI) Any identical peak of 1-34g’ couldn't be observed. (1-34g’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a ChiralPak IC column (i-PrOH-





¹H NMR (400 MHz, CDCl3) δ 1.02(3H, d, J = 6.4 Hz), 1.10(3H, s), 1.76(1H, dd, J = 4.0, 13.2 Hz), 1.87-
1.93(2H, m), 2.11-2.16(1H, m), 2.33-2.52(4H, m), 3.53(6H, s), 4.28(1H, br), 4.38(1H, ddd, J = 4.4, 11.6, 
12.0 Hz), 4.65(1H, d, J = 3.6 Hz);  
13C NMR (100 MHz, CDCl3) δ 13.8, 15.5, 30.3, 33.0, 35.2, 35.6, 47.4, 53.3, 57.2, 57.7, 80.1, 88.6, 108.7, 
218.2;  
IR (KBr) ν(cm-1) : 3466, 2967, 2931, 2840, 1739, 1638, 1550, 1466, 1375, 1283, 1117, 1073;  
[#]!"% = −25.14 (c = 0.40, CHCl3);  
HRMS (ESI) Any identical peak of 1-34i’ couldn't be observed. (1-34i’ is unstable in the ESI MS 
analysis) 
HPLC analysis Enantiomeric excess was determined by HPLC with a CHIRALPARK IC column (i- 






¹H NMR (400 MHz, CDCl3) δ1.30 (3H, s), 1.80-2.19 (3H, m), 2.53-2.70 (3H, m), 2.87 (1H, dd, J = 12.0, 
12.0 Hz), 3.38  (1H, dd, J = 12.0, 12.0 Hz), 3.77 (3H, s), 4.83 (1H, ddd, J = 12.0, 12.0, 4.0 Hz), 6.76 




















¹H NMR (400 MHz, CDCl3) δ 1.18 (3H, s), 2.00 (1H, dd, J = 14.8, 3.6 Hz), 2.21-2.44 (7H, m), 2.73 (1H, 
dd, J = 8.8, 8.8 Hz), 3.10 (1H, ddd, J = 14.4, 14.4, 19.6 Hz), 3.32 (1H, dd, J = 12.4 ,12.4 Hz), 3.61 (1H, 
dd, J = 12.4, 6.8 Hz), 3.66 (3H, s), 5.05( 1H, ddd, J = 12.0, 12.0, 3.6 Hz), 5.34(1H, d, J = 6.8 Hz), aromatic 




hexahydro-1H-inden-4-yl)methyl) S-methyl carbonodithioate (1-52) 
¹H NMR (400 MHz, CDCl3) δ1.33 (3H, s), 2.00 - 2.07 (2H, m), 2.44 (1H, dd, J = 12.8, 4.0 Hz), 2.58 (3H, 
s), 3.09 - 3.28 (4H, m), 3.81 (3H, s), 5.05 (1H, ddd, J = 11.2, 11.2, 4.0 Hz), 5.95 (1H, d, J = 3.6 Hz), 6.25 
(1H, dd, J = 2.0, 2.0 Hz), 6.92 (2H, d, J = 8.8 Hz), 7.20 (2H, d, J = 8.8 Hz)  
13C NMR (100 MHz, CDCl3) δ 19.9, 20.6, 37.1, 41.5, 42.4, 49.5, 50.3, 55.3, 67.5, 87.7, 113.6, 115.0 (2C), 
120.8, 125.7, 128.9 (2C), 140.0, 160.1, 213.3, 215.8 
IR (KBr) ν(cm-1) : 3457, 2273, 1746, 1613, 1556, 1514, 1459, 1372, 1255, 1182, 1069, 835, 753. 
[#]!"# = +66.44 (c 1.00, CHCl3) 
mp = 205-206 ˚C, 
Rf = 0.35 (hexane-EtOAc = 2:1) 
HRMS (ESI) Any identical peak of 1-52 couldn't be observed. (5 is unstable in the ESI MS analysis) 
 
The structural data of X-ray crystal structure analysis was depossited at the Cambridge Crystallographic 
Data Centre. 




Summary of Data CCDC 1546171 
--------------------------------------------------------------- 
Compound Name: 

























¹H NMR (400 MHz, CDCl3) δ 1.28 (3H, s), 1.44 (1H, ddd, J = 13.2, 13.2, 4.0 Hz), 1.82 - 2.02 (3H, m), 
2.25 (1H, dd, J = 16.8, 7.6), 2.38 (1H, ddd, J = 12.0 ,12.0, 4.0 Hz), 2.44 (1H, dd, J = 16.8, 2.8 Hz), 2.66 
- 2.71 (1H, m), 3.00 (1H, ddd, J = 23.2, 2.0, 2.0 Hz), 3.13 (1H, ddd, J = 23.2, 3.6, 1.6 Hz), 3.81 (3H, s), 
5.86 (1H, dd, J = 4.4, 2.4 Hz), 6.89 (2H, d, J = 8.4 Hz), 7.16 (2H, d, J = 8.4 Hz)   
13C NMR (100 MHz, CDCl3) δ 17.2, 19.3, 29.7, 32.2, 38.9, 41.0, 49.0, 50.8, 54.8, 113.9 (2C), 115.7, 
117.8, 127.7 (2C), 134.0, 147.6, 158.2, 219.6 
IR (KBr) ν(cm-1) : 2932, 2244, 1740, 1611, 1513, 1251, 1179, 1034, 830, 506 
[#]!"# = +255.10 (c 1.00, CHCl3) 
Rf = 0.25 (hexane-EtOAc = 3:1) 










¹H NMR (400 MHz, CDCl3) δ1.22 (3H, s), 1.26 (1H, ddd, J = 14.0, 2.68, 2.8 Hz), 1.48 (1H, ddd, J = 13.2, 
13.2, 4.8 Hz), 1.60-1.78 (2H, m), 1.84-2.10 (3H, m), 2.14-2.37 (4H, m), 2.45 (1H, ddd, J = 12.0, 12.0, 4.4 





¹H NMR (400 MHz, CDCl3) δ0.06 (6H, s), 0.91 (9H, s), 1.06 (3H, s), 1.35 (1H, ddd, J = 12.0, 12.0, 4.4 
Hz), 1.76-2.22 (1H, m), 1.83-1.96 (2H, m), 2.13 (1H, dd, J = 16.8, 5.6 Hz), 2.39-2.48 (4H, m), 3.80 (3H, 






¹H NMR (400 MHz, CDCl3) δ0.04 (6H, s), 0.90 (12H, s), 1.20-1.50 (4H, m), 1.63-1.91 (5H, m), 1.93-
2.08 (2H, m), 2.16 (1H, dd, J = 13.2, 3.6 Hz), 2.41 (1H, m), 3.70 (1H, dd, J = 8.4, 8.4 Hz), 3.80 (3H, s), 





¹H NMR (400 MHz, CDCl3) δ1.00-1.17 (24H, m), 1.39 (1H, ddd, J = 12.8, 12.8, 4.0 Hz), 1.77- 2.00 (3H, 
m), 2.13 (1H, dd, J =16.8, 6.0 Hz), 2.26-2.30 (1H, m), 2.38-2.28 (2H, m), 2.52 (1H, br), 2.56 (1H, ddd, J 

























¹H NMR (400 MHz, CDCl3) δ 1.05 - 1.18 (21H, m), 1.13 (3H, s), 1.37 (1H, ddd, J = 12.8, 12.8, 4.0 Hz), 
1.75 - 1.81 (1H, m), 1.87 - 2.01 (2H, m), 2.20 - 2.29 (3H, m), 2.36 (1H, ddd, J = 16.8, 8.4, 2.8 Hz), 2.44 
- 2.50 (1H, m), 2.80 - 2.90 (1H, m), 3.79 (3H, s), 4.16 (1H, t, J = 8.0 Hz), 6.85 (2H, d, J = 8.8 Hz), 7.01 
(2H, d, J = 8.8 Hz), 9.49 (1H, dd, J = 2.8, 1.6 Hz);  
13C NMR (100 MHz, CDCl3) δ 11.9, 16.1, 17.7, 17.7, 17.8, 31.3, 37.7, 38.6, 39.5, 44.1, 48.1, 38.9, 54.8, 
83.1, 113.7 (2C), 117.2, 128.0 (2C), 136.0, 149.7, 157.9, 202.1; 
IR (KBr) ν(cm-1): 3440, 2940, 1725, 1612, 1512, 1463, 1248, 1178, 882, 828, 681; 
[#]!"# = +30.74 (c 1.00, CHCl3); 
Rf = 0.45 (hexane-EtOAc = 10:1); 




hexahydro-1H-inden-4-yl)acetic acid (1-74) 
¹H NMR (400 MHz, CDCl3) δ1.00-1.18 (24H, m), 1.25- 1.40 (2H, m), 1.73 (1H, dd, J = 14.0, 3.6 Hz), 
1.81- 2.00 (2H, m), 2.20-2.30 (4H, m), 2.46 (1H, ddd, J = 14.8, 7.2, 2.8 Hz), 2.79 (1H, br), 3.77 (3H, s), 




inden-4-yl)acetic acid (1-75) 
¹H NMR (400 MHz, CDCl3) δ0.920 (3H, s), 1.00-1.16 (22H, m), 1.15-1.32 (3H, m), 1.41-1.75 (9H, m), 
1.85 (1H, dd, J = 12.4 , 2.8 Hz), 1.90-2.10 (2H, m), 2.12-2.30 (3H, m), 3.50 (1H, dd, J = 10.0 ,12.0 Hz), 



















¹H NMR (400 MHz, CDCl3) δ0.79 (3H, s), 1.32-1.40 (3H, m), 1.45-1.57 (1H, m), 1.62 (1H, dd, J = 8.0, 
4.0 Hz), 1.63-1.72 (1H, m), 1.90-2.07 (2H, m), 2.10-2.21 (2H, m),2.40 (1H, ddd, J = 14.4, 7.2, 2.8 Hz), 
2.75 (1H, dd, J = 17.2, 3.6 Hz), 3.76 (1H, dd, J = 14.8, 8.8 Hz), 3.85 (3H, s), 7.11 (1H, dd, J = 8.4, 2.8 
Hz), 7.35 (1H, dd, J = 8.8, 1.2 Hz), 7.56 (1H, d, J = 2.8 Hz) 
 
 
Estradiol methyl ether 
¹H NMR (400 MHz, CDCl3) δ 0.78 (3H, s), 1.16~1.54 (9H, m), 1.66~1.74 (1H, m), 1.85~1.91 (1H, m), 
1.94 (1H,ddd, J = 12.4, 3.2, 3.2 Hz), 2.08~ 2.22 (2H, m), 2.29~2.35 (1H, m), 2.82, 2.88 (2H, m), 3.73 
(1H, t, J = 8.4Hz), 3.78 (3H, s), 6.63 (1H, d, J = 2.8 Hz), 6.71 (1H, dd, J = 8.4, 2.8 Hz), 7.21 (1H, d, J = 
8.4 Hz); 
13C NMR (100 MHz, CDCl3) δ 11.0, 23.1, 26.3, 27.2, 29.8, 30.6, 36.7, 38.8, 43.2, 43.9, 50.0, 55.2, 81.9, 
111.4, 113.8, 126.3, 132.6, 138.0, 157.4; 
IR (KBr) ν(cm-1) : 3399, 2925, 1609, 1500, 1465, 1254, 1054, 732, 405; 
[#]!"# = +69.88 (c 0.40, CHCl3); 
Rf = 0.32 (hexane-EtOAc = 2:1); 















Chapter 2. 軸に関する⽴体化学情報の反転を伴う有機触媒を⽤いた軸不⻫分⼦の 
新規合成法とその反応機構 
1. General procedure for domino Michael/aldol condensation 
(D. Enders, C. Wang, J. W. Bats, Synlett 2009, 11, 1777–1780.) 
 
To a solution of 2-nitromethyl-benzaldehyde (1.0 mmol) and 3-(2-bromophenyl)-propenal 
(1.2 mmol) in Et2O (2.0 mL) was added (S)-diphenylprolinol TMS-ether (0.05 mmol, 5 mol%). 
After stirring for 4 h at ambient temperature, the generated 2-91a as solid was gathered by 
filtration and washed by Et2O (50% yield). The filtrate was concentrated in vacuo and purified 
by flash column chromatography (eluted by Ethyl acetate/Hexane = 1/3) to afford 2-91a (11% 
yield). 
 
2. General procedure for aromatization 
  
 
To a solution of 3,4-dihydronaphthalenes 2-91 (0.50 mmol) in THF (1.0 mL) was added 
trimethyl orthoformate (2.50 mmol) and p-toluenesulfonic acid (0.10 mmol) at ambient 
temperature. After stirring the reaction mixture for 2 h, to the mixture was added t-BuOK (1.0 
mmol) at –90 °C, then stirred for 30 min at 0 °C. To the reaction mixture was added 
dimethyldioxirane (0.60 mmol, 0.1 M solution in acetone) at –90 °C. After stirring the reaction 
mixture for 30 min, the reaction was quenched by sat. aq. Na2S2O3, and then 1 N aqueous solution 
of hydrogen chloride (0.50 mL) was added to the reaction mixture at ambient temperature. After 
stirring the reaction mixture for 10 min, the organic materials were extracted with ethyl acetate (3 
× 3 mL) and the organic layers were dried with Na2SO4, filtered and concentrated in vacuo. The 
residue was purified by flash column chromatography (eluted by hexane 100% → ethyl 



































3. One-pot procedure for domino reaction and aromatization 
 
The solution of 2-92a (38 mg, 0.18 mmol), 2-(nitromethyl)benzaldehyde 2-90 (25 mg, 0.15 
mmol) in 0.3 mL of Et2O was added 2.5 mg of catalyst (0.0076 mmol) and the reaction mixture 
was stirred for 4 h at room temperature. Then, p-TsOH (8.6 mg, 0.045 mmol) and CH(OMe)3 
(160 μL, 1.51 mmol) were added and the mixture was stirred for 2 h. Then, the reaction mixture 
was cooled to -90 ˚C and added tBuOK (33.7 mg, 0.30 mmol) and stirred for 1 h at 0 ˚C. Then, 
the mixture was re-cooled to –90 ˚C and DMDO (3.0 mL, 0.07 M in acetone) was added slowly 
over 30 min. After stirring at room temperature for 30min, reactions were quenched by 3 mL of 
1N HCl aq. After stirring for additional 30 min at room temperature, the organic components 
were extracted by AcOEt (6 mL, 3 times). The organic layers were washed by brine (10 mL, 3 
times), dried over Na2SO4, filtrated and concentrated in vacuo. After the purification by column 
chromatography (eluted by Hexane/AcOEt = 3:1), 20 mg of 2-94a was obtained (60 %). 
 
4. Stepwise tracking the intermediates 
 Preparation of dimethylacetal 2-95b 
 
The solution of 2-91b (94 mg, 0.30 mmol), CH(OMe)3 (295 μl, 3.0 mmol, 10 eq.), p-
TsOH•H2O (11.4 mg (0.06 mmol, 0.2 eq.) in THF (600 μl) was stirred for 6h. The resulting 
mixture was diluted by 600 μl of Hex/AcOEt mixture (5:1), charged to column chromatography 
and eluted by Hex/AcOEt (5:1 + 1% Et3N). Then desired dimethylacetal 2-95b was obtained in 
85mg (75%). 
 
preparation of nitronate 2-96b 
 































































25 mg of t-BuOK and stirred for 30 min by vortex mixer. The color of solution was turned to 
deep red immediately and showed generation of nitronate 2-96b.  
 
 
5. Data of X-ray single crystal analysis 
 X-ray Crystallography for 2-91a. 
 Single crystals suitable for X-ray crystallography were obtained by recrystallization from 
CHCl3/hexane (slow evapolation). X-ray diffraction data were collected at 150 K on a Rigaku 
XtaLAB mini diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71070 Å). The 
structure was solved by direct methods [1] and expanded using Fourier techniques. The non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were refined using the riding model. The final 
cycle of full-matrix least-squares refinement[2] on F2 was based on 3369 observed reflections and 
199 variable (largest parameter shift was 0.00 times its esd.) with unweighted and weighted 
agreement factors of:  
 
R1 = S ||Fo| - |Fc|| / S |Fo| = 0.0239  
wR2 = [ S ( w (Fo2 - Fc2)2 ) / S w(Fo2)2]1/2 = 0.0543   
 
  The goodness of fit[3] was 1.10. Unit weights were used. The maximum and minimum peaks on the 
final difference Fourier map corresponded to 0.21 and -0.48 e-/Å3, respectively. The final Flack 
parameter[4] was 0.015(5), indicating that the structure is inversion-twin.[5] A total of 15593 reflections 
were measured and 3369 were unique (Rint = 0.0397). Crystal data and refinement statistics are shown 
in Table S1. Atomic coordinates and Biso/Beq are listed in Table S2. Atomic coordinates and Biso 
involving hydrogen atoms are listed in Table S3. 
   Crystallographic data of 2-91a has been deposited with Cambridge Crystallographic Data Center, 
deposition no. CCDC 1878125. 
 
–––––––––––––––––––––––––––––––––––––––––––––––– 
[1] SHELXS: Sheldrick, G. M. (2008). Acta Cryst. A64, 112-122. 
[2] Least Squares function minimized: (SHELXL 2013) 
Sw(Fo2-Fc2)2     where w = Least Squares weights. 
[3] Goodness of fit is defined as:  
  [Sw(Fo2 - Fc2)2/(No - Nv)]1/2 
 where: No = number of observations 
        Nv = number of variables 
[4] Parsons, S. and Flack, H. (2004), Acta Cryst., A60, s61.  
 S-30 
[5] Flack, H.D. and Bernardinelli (2000), J. Appl. Cryst., 33, 114-1148. 
 
Table S1. Crystal data and structure refinement for 2-91a. 
 
A. Crystal Data 
Empirical Formula C17H12BrNO3 
Formula Weight 358.19 
Crystal Color, Habit colorless, block 
Crystal Dimensions 0.400 X 0.300 X 0.200 mm 
Crystal System orthorhombic 
Lattice Type Primitive 
Lattice Parameters a = 7.8674(9) Å 
 b = 9.0725(10) Å 
 c = 20.659(2) Å 
 V = 1474.6(3) Å3 
Space Group P212121 (#19) 
Z value 4 
Dcalc 1.613 g/cm3 
F000 720.00 
μ(MoKα) 28.075 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoKa (l = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0 oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
Pixel Size 0.073 mm 
2qmax 55.0o 
No. of Reflections Measured Total: 15593 
 Unique: 3369 (Rint = 0.0397) 




 (trans. factors: 0.424 - 0.570) 
 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SHELXS) 
Refinement Full-matrix least-squares on F2 
2qmax cutoff 55.0o 
No. Observations (All reflections) 3369 
No. Variables 199 
Reflection/Parameter Ratio 16.93 
Residuals: R1 (I>2.00s(I)) 0.0239 
Residuals: R (All reflections) 0.0261 
Residuals: wR2 (All reflections) 0.0543 
Goodness of Fit Indicator 1.095 
Flack parameter (Parsons' quotients = 1309) 0.015(5) 
Max Shift/Error in Final Cycle 0.001 
Maximum peak in Final Diff. Map 0.21 e-/Å3 
Minimum peak in Final Diff. Map -0.48 e-/Å3 
 
 
Table S2. Atomic coordinates and Biso/Beq for 2-91a. 
 
atom    x    y    z  Beq 
Br1     0.28855(3)  0.66556(3)  0.38177(2)  2.046(7) 
O12     0.4985(3)  0.2924(3)  0.25231(11)  3.22(5) 
O13     0.6504(3)  0.3830(2)  0.52937(9)  2.13(4) 
O20     0.4932(3)  0.2346(2)  0.35349(12)  3.30(5) 
N4      0.5320(3)  0.3166(3)  0.30923(12)  1.84(4) 
C5      0.5050(4)  0.7438(3)  0.40566(13)  1.54(5) 
C6      0.9137(3)  0.3584(3)  0.39031(12)  1.47(4) 
C7      0.6463(3)  0.6519(3)  0.41175(12)  1.26(4) 
C8      0.7922(4)  0.4593(3)  0.28982(11)  1.31(4) 
C9      0.7679(3)  0.3544(3)  0.49377(13)  1.64(4) 
C10     0.7990(4)  0.7172(3)  0.43020(12)  1.57(4) 
C11     0.6221(3)  0.4627(3)  0.32380(12)  1.28(4) 
C14     0.9323(4)  0.4002(3)  0.32267(13)  1.46(4) 
C15     0.7773(4)  0.3981(3)  0.42560(11)  1.29(4) 
 S-32 
C16     0.6684(4)  0.9553(3)  0.43490(13)  2.34(6) 
C17     0.5144(4)  0.8931(3)  0.41657(14)  2.10(5) 
C18     0.9647(4)  0.4915(3)  0.19468(14)  2.09(5) 
C19     1.0865(4)  0.3846(3)  0.29037(14)  1.87(5) 
C22     0.6336(3)  0.4865(3)  0.39727(11)  1.22(4) 
C25     0.8084(4)  0.5050(3)  0.22602(12)  1.68(4) 
C26     0.8090(4)  0.8678(3)  0.44261(12)  1.99(5) 
C27     1.1027(4)  0.4306(3)  0.22632(14)  2.18(5) 
 
Beq = 8/3 p2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12(aa*bb*)cos g + 2U13(aa*cc*)cos b + 2U23(bb*cc*)cos a) 
 
Table S3. Atomic coordinates and Biso involving hydrogen atoms for 2-91a. 
 
atom    x    y    z  Biso 
H6      1.00048  0.30135  0.41017  1.763 
H9      0.86030  0.29989  0.51119  1.964 
H10     0.89799  0.65800  0.43439  1.889 
H11     0.55300  0.54455  0.30486  1.533 
H16     0.67632  1.05845  0.44208  2.802 
H17     0.41639  0.95327  0.41161  2.518 
H18     0.97639  0.52445  0.15126  2.510 
H19     1.18113  0.34249  0.31210  2.244 
H22     0.52548  0.44965  0.41689  1.464 
H25     0.71343  0.54519  0.20377  2.017 
H26     0.91338  0.90992  0.45645  2.393 
H27     1.20822  0.42004  0.20445  2.613 
 
X-ray Crystallography for 2-94a. 
 Single crystals suitable for X-ray crystallography were obtained by recrystallization from 
CHCl3/hexane (slow evapolation). X-ray diffraction data were collected at 150 K on a Rigaku XtaLAB 
mini diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71070 Å). The structure 
was solved by charge flipping method[1] and expanded using Fourier techniques. The non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were refined using the riding model. The final 
cycle of full-matrix least-squares refinement[2] on F2 was based on 6225 observed reflections and 361 
variable (largest parameter shift was 0.00 times its esd.) with unweighted and weighted agreement 
factors of:  
 S-33 
 
R1 = S ||Fo| - |Fc|| / S|Fo| = 0.0846   
wR2 = [ S ( w (Fo2 - Fc2)2 ) / S w(Fo2)2]1/2 = 0.2299   
 
   The goodness of fit[3] was 1.13. Unit weights were used. The maximum and minimum peaks on 
the final difference Fourier map corresponded to 6.89 and -1.36 e-/Å3, respectively. The final Flack 
parameter[4] was 0.042(6). A total of 28734 reflections were measured and 6225 were unique (Rint = 
0.0969). Crystal data and refinement statistics are shown in Table S4. Atomic coordinates and Biso/Beq 
are listed in Table S5. Atomic coordinates and Biso involving hydrogen atoms are listed in Table S6. 
   Crystallographic data of 2-94a has been deposited with Cambridge Crystallographic Data Center, 
deposition no. CCDC 1938675. 
 
–––––––––––––––––––––––––––––––––––––––––––––––– 
[1] Superflip: Palatinus L., Chapuis G. (2007), J. Appl. Cryst., 40, 786-790. 
[2] Least Squares function minimized: (SHELXL 2013) 
Sw(Fo2-Fc2)2     where w = Least Squares weights. 
[3] Goodness of fit is defined as:  
  [Sw(Fo2 - Fc2)2/(No - Nv)]1/2 
 where: No = number of observations 
        Nv = number of variables 
[4] Parsons, S. and Flack, H. (2004), Acta Cryst., A60, s61.  
 
Table S4. Crystal data and structure refinement for 2-94a. 
 
A. Crystal Data 
Empirical Formula C17H11BrO2 
Formula Weight 327.18 
Crystal Color, Habit colorless, prism 
Crystal Dimensions 0.400 X 0.200 X 0.200 mm 
Crystal System orthorhombic 
Lattice Type Primitive 
Lattice Parameters a = 12.6967(13) Å 
 b = 13.3353(14) Å 
 c = 16.0392(16) Å 
 V = 2715.7(5) Å3 
Space Group P212121 (#19) 
 S-34 
Z value 8 
Dcalc 1.600 g/cm3 
F000 1312.00 
μ(MoKα) 30.334 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoKa (l = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0 oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
Pixel Size 0.073 mm 
2qmax 55.0o 
No. of Reflections Measured Total: 28734 
 Unique: 6225 (Rint = 0.0696) 
Parsons quotients (Flack x parameter): 2137 
Corrections Lorentz-polarization 
 Absorption 
 (trans. factors: 0.343 - 0.545) 
 
C. Structure Solution and Refinement 
Structure Solution Charge Flipping (Superflip) 
Refinement Full-matrix least-squares on F2 
2qmax cutoff 55.0o 
No. Observations (All reflections) 6225 
No. Variables 361 
Reflection/Parameter Ratio 17.24 
Residuals: R1 (I>2.00s(I)) 0.0846 
Residuals: R (All reflections) 0.0911 
Residuals: wR2 (All reflections) 0.2299 
Goodness of Fit Indicator 1.125 
Flack parameter (Parsons' quotients = 2137) 0.042(6) 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 6.89 e-/Å3 
 S-35 
Minimum peak in Final Diff. Map -1.36 e-/Å3 
 
 
Table S5. Atomic coordinates and Biso/Beq for 2-94a. 
 
atom    x    y    z  Beq 
Br1     0.12610(9)  0.82672(8)  0.14781(7)  2.25(3) 
Br2     0.01045(9)  0.64974(9)  0.68735(8)  2.51(3) 
O3      0.3362(6)  1.1526(6)  0.2536(5)  1.84(12) 
O4      0.0165(5)  0.3220(5)  0.6516(4)  1.53(11) 
O5      0.3423(5)  0.6424(6)  0.7232(5)  1.70(12) 
O6      0.0218(6)  0.8391(5)  0.3624(5)  1.74(12) 
C7      0.0390(8)  0.9382(8)  0.1699(6)  1.40(16) 
C8     -0.0102(9)  1.0815(7)  0.2511(7)  1.56(15) 
C9      0.2824(8)  0.9215(8)  0.4315(6)  1.16(14) 
C10     0.2660(8)  0.5857(8)  0.7356(6)  1.54(16) 
C11     0.1334(8)  0.9697(7)  0.3050(6)  1.15(14) 
C12     0.2335(8)  0.5055(8)  0.6796(6)  1.44(15) 
C13     0.0531(8)  0.9963(8)  0.2419(6)  1.27(15) 
C14     0.1126(8)  0.8937(7)  0.3615(6)  1.40(15) 
C15     0.1700(8)  0.3471(8)  0.5729(6)  1.35(15) 
C16     0.3026(8)  1.0020(8)  0.3750(6)  1.30(15) 
C17     0.2931(9)  0.4818(9)  0.6098(7)  1.67(16) 
C18     0.2577(8)  1.1030(8)  0.2526(6)  1.42(16) 
C19     0.1070(8)  0.3752(7)  0.6433(6)  1.37(15) 
C20     0.2458(10)  0.7584(10)  0.5367(7)  2.25(19) 
C21     0.0039(9)  0.5565(8)  0.7726(7)  1.78(17) 
C22     0.2287(8)  1.0235(7)  0.3134(6)  1.32(14) 
C23     0.3559(8)  0.8938(9)  0.4930(7)  1.79(17) 
C24     0.1876(7)  0.8646(8)  0.4235(6)  1.23(15) 
C25     0.2659(8)  0.4012(8)  0.5578(7)  1.71(17) 
C26     0.3392(9)  0.8121(10)  0.5446(7)  2.3(2) 
C27     0.1383(8)  0.4508(7)  0.6974(6)  1.46(15) 
C28    -0.0397(9)  0.9608(8)  0.1117(7)  1.89(18) 
C29     0.0733(11)  0.4055(10)  0.8393(7)  2.5(2) 
C30     0.0709(8)  0.4719(8)  0.7701(7)  1.74(17) 
 S-36 
C31     0.1407(10)  0.2697(8)  0.5193(7)  1.88(18) 
C32     0.1712(9)  0.7835(9)  0.4786(7)  1.78(17) 
C33    -0.0873(9)  1.1048(8)  0.1935(8)  2.01(18) 
C34    -0.1026(9)  1.0455(9)  0.1242(8)  2.2(2) 
C35    -0.0641(11)  0.5012(11)  0.9032(8)  3.0(3) 
C36    -0.0671(10)  0.5699(10)  0.8388(9)  2.8(2) 
C37     0.2998(12)  0.2970(10)  0.4373(8)  2.9(2) 
C38     0.3265(10)  0.3734(10)  0.4883(8)  2.4(2) 
C39     0.0033(11)  0.4231(11)  0.9057(8)  2.8(2) 
C40     0.2046(11)  0.2441(9)  0.4525(7)  2.3(2) 
 
Beq = 8/3 p2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12(aa*bb*)cos g + 2U13(aa*cc*)cos b + 2U23(bb*cc*)cos a) 
 
Table S6. Atomic coordinates and Biso involving hydrogen atoms for 2-94a 
 
atom    x    y    z  Biso 
H4      0.01214  0.27983  0.61287  1.840 
H6      0.02438  0.79682  0.40118  2.091 
H8      0.00006  1.12419  0.29781  1.873 
H10     0.22611  0.59543  0.78508  1.851 
H16     0.36544  1.04032  0.37944  1.559 
H17     0.35345  0.52098  0.59695  2.008 
H18     0.20921  1.11568  0.20872  1.709 
H20     0.23337  0.70296  0.57254  2.697 
H23     0.41854  0.93200  0.49921  2.143 
H26     0.39059  0.79305  0.58464  2.716 
H28    -0.05023  0.91917  0.06433  2.267 
H29     0.12101  0.35061  0.84078  2.955 
H31     0.07673  0.23435  0.52855  2.254 
H32     0.10773  0.74595  0.47530  2.136 
H33    -0.13027  1.16223  0.20175  2.406 
H34    -0.15583  1.06217  0.08497  2.595 
H35    -0.11217  0.50934  0.94808  3.628 
H36    -0.11541  0.62431  0.83936  3.383 
H37     0.34402  0.27898  0.39195  3.447 
H38     0.38897  0.40993  0.47670  2.885 
 S-37 
H39     0.00355  0.37967  0.95269  3.356 




6. DFT calculations 
6-1, Transition state and ground state energy of bond rotation of 2-91a 
A density functional theory (DFT) method at the B3LYP level with 6-31G(d) was used to perform 
the conformational analysis (Figure S1) and other theoretical calculations, as shown below, with 
Gaussian 16 program package[2].  
 
The gas phase geometry optimization of the molecules leading to energy minima was achieved 
using the B3LYP hybrid functional with the 6-31G(d) basis set (Figure S2 and S3, Table S1 and S2). 
For the optimized structures of the states, vibrational normal mode analysis was carried out to ensure 
that the obtained structures were corresponding to minimum energy state. A single point energy 
calculation for the final structure of the geometry optimization was carried out at the B3LYP/6-
311++G(2d,p) level of theory (Figure S5). 
 
Fig S1. Scan of total energies (in hartree, calculated at the B3LYP/
6-31G(d) level of theory) of 2a-Br-outside generated by varying two 
torsion angles (the dihedral scans showed with u-shaped arrows of SC1 













Figure S2. The ground state optimized structure of 2-91a-Br-outside. 
Table S1. Cartesian coordinates (Angstroms) for the ground state structure of 2-91a-Br-outside. 
Point Group: C1 
Total energy = -3507.060155 hartree 
Imaginary Frequency = 0 
Symbol X Y Z 
Br -2.74412 -1.41128 -0.39778 
O 1.367577 -3.10305 -0.35093 
O -1.05985 0.944772 3.348584 
O 0.949235 -2.35087 1.652384 
N 1.029257 -2.22668 0.43672 
C -2.2555 0.433579 -0.60865 
C 2.004967 1.04028 1.52293 
H 2.586382 1.587881 2.263967 
C -1.07097 0.922789 -0.03603 
C 2.020703 -0.22739 -0.60406 
C 0.097013 1.166227 3.041742 
H 0.780132 1.71153 3.73017 
C -0.77063 2.272679 -0.26087 
H 0.138254 2.68387 0.166276 
C 0.703779 -0.84991 -0.19135 
H 0.1208 -1.13072 -1.06843 
C 2.665767 0.666022 0.279663 
C 0.709745 0.75073 1.769726 
C -2.78701 2.582968 -1.55235 
H -3.45306 3.216795 -2.1307 
 S-40 
C -3.11038 1.241085 -1.35508 
H -4.01829 0.819618 -1.77229 
C 3.874937 -0.03602 -2.14995 
H 4.340113 -0.31021 -3.0923 
C 3.920646 1.18783 -0.06896 
H 4.418343 1.873147 0.612698 
C -0.14552 0.006655 0.770674 
H -0.78725 -0.67228 1.338479 
C 2.629915 -0.57113 -1.80946 
H 2.137087 -1.27245 -2.47588 
C -1.61243 3.097378 -1.00614 
H -1.34906 4.140398 -1.15606 
C 4.521392 0.841614 -1.27732 




Figure S3. The ground state optimized structure of 2-91a-Br-inside. 
Table S1. Cartesian coordinates (Angstroms) for the ground state structure of 2-91a-Br-inside. 
Point Group: C1 
Total energy = -3509.761038 hartree 
Imaginary Frequency = 0 
Symbol X Y Z 
Br 0.555923 -2.184919 -0.178664 
O -1.167642 3.189564 -0.546199 
O 1.947825 1.758838 2.664329 
O -1.463718 2.274941 -2.501946 
N -1.131209 2.241577 -1.321247 
C 1.983104 -0.921015 -0.388680 
C -1.159360 0.168999 2.002576 
 S-41 
H -1.396128 -0.029844 3.047254 
C 1.774885 0.444998 -0.155004 
C -1.946663 0.145077 -0.344024 
C 0.931972 1.098938 2.794590 
H 0.593141 0.765890 3.800552 
C 2.878758 1.291724 -0.344127 
H 2.756069 2.352245 -0.147336 
C -0.678288 0.863680 -0.779231 
H -0.280616 0.381989 -1.672215 
C -2.168639 -0.160094 1.014024 
C 0.038784 0.705712 1.693268 
C 4.291121 -0.557988 -0.976521 
H 5.253416 -0.950697 -1.292299 
C 3.218045 -1.427102 -0.794997 
H 3.328960 -2.492260 -0.965711 
C -4.083374 -0.850704 -0.910526 
H -4.820581 -1.116616 -1.662552 
C -3.358967 -0.804835 1.387897 
H -3.524254 -1.038858 2.436660 
C 0.444482 1.068062 0.277951 
H 0.627813 2.146670 0.313188 
C -2.904480 -0.209452 -1.295338 
H -2.733415 0.029573 -2.340388 
C 4.119254 0.807504 -0.749734 
H 4.948799 1.495445 -0.883370 
C -4.313024 -1.147371 0.434804 
H -5.229415 -1.645955 0.737141 
 
A saddle point for a transition state structure (2-91a-TS in the Figure S1) was identified based on 
the conformational analysis as shown in Figure S1. The transition state structure was refined from the 
saddle point structure at the B3LYP/6-31g(d) optimization level (Figure S4, Table S3). After the 
transition structure was optimized, the geometries and energies were determined using B3LYP/6-
31G(d) and B3LYP/6-311++G(2d,p) together with the frequency calculation in order to confirm the 




Figure S4. The transition state optimized structure of 2-91a-TS. 
Table S3. Cartesian coordinates (Angstroms) for the transition state structure of 2-91a-TS. 
Point Group: C1 
Total energy = -3507.041513 hartree 
Imaginary Frequency = 1 
Symbol X Y Z 
Br 0.222751 0.292096 0.115597 
O 0.03614 -0.02618 6.156656 
O 2.156022 -0.10302 2.96885 
O -0.50608 -2.13562 6.064041 
N -0.58739 -0.97396 5.691648 
C -1.37899 0.892847 0.98944 
C -0.50679 -2.44255 2.722907 
H 0.074142 -3.27348 2.324484 
C -1.66412 0.688486 2.353852 
C -2.4045 -1.80953 4.150499 
C 1.506508 -1.06689 2.612663 
H 1.992491 -1.94718 2.137916 
C -2.86157 1.278885 2.804981 
H -3.14352 1.192459 3.846207 
C -1.57883 -0.61689 4.552008 
H -2.18039 0.150569 5.035746 
C -1.85352 -2.71211 3.212605 
C 0.053084 -1.21725 2.822282 
C -3.42125 2.145985 0.629494 
 S-43 
H -4.08263 2.691239 -0.0373 
C -2.24099 1.597132 0.143126 
H -1.96777 1.714927 -0.8994 
C -4.39246 -3.18185 4.300895 
H -5.37716 -3.3614 4.722563 
C -2.58266 -3.84931 2.844182 
H -2.1546 -4.55059 2.13242 
C -0.7532 -0.04729 3.371749 
H -0.0396 0.680633 3.774912 
C -3.66413 -2.05353 4.689687 
H -4.08242 -1.36398 5.419209 
C -3.72548 1.990716 1.978139 
H -4.63315 2.417352 2.394855 
C -3.85023 -4.07843 3.378874 












Figure S5. Energy profile of 2a calculated at the B3LYP/6-311++G(2d,p)//B3LYP/6-31G(d) 





















6-2, Transition state and ground state energy of conformer of 2-97a 
A density functional theory (DFT) method at the B3LYP level with 6-31G(d) was used to perform 
the conformational analysis (Figure S6) and other theoretical calculations, as shown below, with 
Gaussian 16 program package. 
 
The gas phase geometry optimization of the molecules leading to energy minima was achieved 
using the B3LYP hybrid functional with the 6-31G(d) basis set (Figure S7 and S8, Table S4 and S5). 
For the optimized structures of the states, vibrational normal mode analysis was carried out to ensure 
that the obtained structures were corresponding to minimum energy state. A single point energy 
calculation for the final structure of the geometry optimization was carried out at the B3LYP/6-
311++G(2d,p) level of theory (Figure S10). 
 
 
Figure S7. The ground state optimized structure of 2-97a-Br-outside. 





Fig S6. Scan of total energies (in hartree, calculated at the B3LYP/6-31G(d) level of theory) of 4 





Point Group: C1 
Total energy = -3379.239378 hartree 
Imaginary Frequency = 0 
Symbol X Y Z 
C -5.141848 -0.352872 0.398053 
C -4.566060 -1.599070 0.670614 
C -3.200243 -1.791041 0.474574 
C -2.398730 -0.742622 0.012962 
C -2.974793 0.519449 -0.262469 
C -4.353767 0.696691 -0.067636 
C -0.940303 -0.976722 -0.192437 
C -0.046536 0.222212 -0.576893 
C -0.800979 1.483071 -0.920165 
C -2.137551 1.598263 -0.761515 
O -0.446904 -2.081338 -0.039756 
C 0.983001 0.431577 0.535092 
C -0.054382 2.611212 -1.508015 
C 2.258747 -0.148208 0.497966 
C 3.168736 0.023944 1.540601 
C 2.810821 0.779338 2.655864 
C 1.544072 1.358172 2.722390 
C 0.647090 1.180735 1.671196 
Br 2.824634 -1.203292 -0.994509 
O 1.131591 2.585709 -1.776942 
H -6.207440 -0.202292 0.547172 
H -5.183904 -2.416119 1.031988 
H -2.727925 -2.748071 0.671465 
H -4.802965 1.662648 -0.284692 
H 0.510549 -0.090527 -1.468376 
H -2.628787 2.531917 -1.034359 
H -0.670744 3.515306 -1.713303 
H 4.150117 -0.432266 1.472443 
H 3.522723 0.911640 3.465647 
H 1.252929 1.946534 3.587828 





Figure S8. The ground state optimized structure of 2-97a-Br-inside. 
Table S5. Cartesian coordinates (Angstroms) for the ground state structure of 2-97a-Br-inside. 
Point Group: C1 
Total energy = -3379.238738 hartree 
Imaginary Frequency = 0 
Symbol X Y Z 
C 4.660802 -0.138284 -0.221964 
C 4.325077 -0.898692 0.904053 
C 3.036652 -0.831509 1.429689 
C 2.075987 -0.005582 0.839520 
C 2.409062 0.766342 -0.297287 
C 3.710773 0.687555 -0.817304 
C 0.701871 0.037536 1.415234 
C -0.337926 0.999173 0.793607 
C 0.151935 1.758323 -0.423245 
C 1.411508 1.633645 -0.896188 
O 0.396289 -0.634181 2.385935 
C -1.684846 0.304496 0.595738 
C -0.710250 2.792129 -1.021790 
C -1.867471 -0.796821 -0.249326 
C -3.106677 -1.415386 -0.407012 
C -4.208224 -0.930399 0.294723 
C -4.058618 0.164590 1.145629 
C -2.811974 0.768322 1.286871 
Br -0.388005 -1.529904 -1.223664 
O -1.768968 3.171952 -0.555054 
 S-47 
H 5.664802 -0.190640 -0.633842 
H 5.068510 -1.540908 1.367617 
H 2.747923 -1.413272 2.299043 
H 3.971818 1.279247 -1.691224 
H -0.507362 1.751839 1.577919 
H 1.716745 2.232235 -1.753973 
H -0.298829 3.249842 -1.949133 
H -3.199495 -2.268080 -1.070565 
H -5.175392 -1.410221 0.174643 
H -4.910335 0.551540 1.697242 
H -2.702881 1.630245 1.937767 
A saddle point for a transition state structure (2-97a-TS in the Figure S6) was identified based on 
the conformational analysis as shown in Figure S9. The transition state structure was refined from the 
saddle point structure at the B3LYP/6-31g(d) optimization level (Figure S9, Table S6). After the 
transition structure was optimized, the geometries and energies were determined using B3LYP/6-
31G(d) and B3LYP/6-311++G(2d,p) together with the frequency calculation in order to confirm the 




Figure S9. The ground state optimized structure of 2-97a-TS. 
Table S6. Cartesian coordinates (Angstroms) for the ground state structure of 2-97a-TS. 
Point Group: C1 
Total energy = -3379.224479 hartree 
Imaginary Frequency = 1 
Symbol X Y Z 
 S-48 
C -4.474214 0.077684 1.506086 
C -4.667112 -0.592664 0.294180 
C -3.671533 -0.562652 -0.682683 
C -2.470449 0.105228 -0.439339 
C -2.274334 0.796777 0.779006 
C -3.293801 0.782480 1.740564 
C -1.395301 0.122512 -1.481113 
C 0.026446 0.424249 -0.972174 
C -0.042987 1.545627 0.053326 
C -1.082351 1.627457 0.914061 
O -1.620019 -0.153716 -2.645219 
C 0.637476 -0.892565 -0.418758 
C 0.836933 2.729168 -0.051644 
C 1.901377 -0.977903 0.193337 
C 2.416395 -2.181270 0.678551 
C 1.684780 -3.358249 0.553395 
C 0.444553 -3.318780 -0.076447 
C -0.057510 -2.109088 -0.551639 
Br 3.059821 0.535002 0.368002 
O 1.465263 3.033399 -1.046557 
H -5.252438 0.063250 2.264073 
H -5.593006 -1.130220 0.110919 
H -3.805458 -1.057768 -1.639837 
H -3.161680 1.333379 2.668401 
H 0.626378 0.762567 -1.824128 
H -1.103896 2.424725 1.656660 
H 0.816087 3.391339 0.842079 
H 3.396116 -2.184887 1.143231 
H 2.090710 -4.291562 0.932690 
H -0.138794 -4.225749 -0.205765 

































7. Measurement of rotation barrier of axially chiral compound 2-94a 
 Rotational Barrier was experimentally determined. Biaryl 2-94a (1.0 mg) was dissolved in 
toluene (2.0 mL) and refluxed. A little amount of sample was taken and ee was determined by HPLC 
chromatography. Relationship between decrease of ee and racemization constant k was calculated 
like following equation. Racemization barrier was calculated by Eyring equation (R= 8.31451, k!= 
1.38066E-23, h= 6.62608E-34) 
 









k= 4.4375× 10"#, ΔG$%&'&(%) = 126.6	kJ/mol 
 
  
y = -0.005325 x + 0.003495 

































(k1 = k-1 = k)
 S-51 




This compound was isolated as a white solid (61%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.54 (s, 1H), 5.59 (s, 1H), 6.63 (dd, J = 8.0, 1.6 Hz, 1H), 7.00 
(ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 7.08 (ddd, J = 8.0, 8.0 1.6 Hz, 1H), 7.41-7.49 (m, 2H), 7.52-7.58 
(m, 2H), 7.65 (dd, J = 8.0, 1.2 Hz, 1H), 7.72 (s, 1H), 9.74 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 40.0, 86.3, 124.9, 127.3, 127.7, 128.0, 129.6, 129.7, 131.4, 
131.7, 131.9, 132.1, 133.7, 134.0, 137.8, 144.3, 190.5;  
IR (KBr) 1677, 1634, 1549, 1467, 1395, 1356, 1273, 1154, 1105, 1024, 906, 725, 701, 626 cm-1; 
HRMS (ESI) [M+Na]+ calculated for C17H12BrNNaO3+: 379.9898, found: 379.9898;  
mp = 178-179 °C;  
[α]D25 (CHCl3, c = 0.50) = –377;  
HPLC analysis (Injected as CHCl3 solution, CHIRAL PAK ID, Hexane/iPrOH = 10/1, flow rate 




This compound was isolated as a white solid (42%);  
1H NMR (400 MHz, CDCl3, rt) δ 2.69 (s, 3H), 5.23 (s, 1H), 5.47 (s, 1H), 6.51 (dd, J = 1.2, 8.0 
Hz, 1H), 6.85 (dd, J = 7.6, 7.6 Hz, 1H), 7.10 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 7.24 (d, J = 7.6 Hz, 
1H), 7.34 (d, J = 7.6 Hz, 1H) , 7.46 (ddd, J = 7.6, 7.6 1.6 Hz, 1H), 7.55-7.62 (m, 2H), 7.66 (s, 
1H), 9.68 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 19.9, 37.6, 87.4, 125.9, 126.2, 127.2, 128.0, 129.7, 131.4, 131.5, 
131.6, 131.9, 132.3, 133.5, 136.4, 138.9, 143.6, 190.9;  
IR (KBr) 3334, 3026, 2818, 2716, 2254, 1678, 1635, 1550, 1488, 1357, 1273, 1155, 1110, 906, 
726, 698, 627 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C18H15NNaO3+: 316.0950, found: 316.0946;  
mp = 174-175 °C;  
[α]D25 (CHCl3, c = 0.53) = –679;  
















This compound was isolated as a clear oil (67%);  
1H NMR (400MHz, CDCl3, rt) δ 5.56 (s, 1H), 5.60 (s, 1H), 6.64 (dd, J = 8.0, 1.6 Hz, 1H), 6.96 
(ddd, J = 8.0, 8.0, 1.6 Hz, 1H), 7.17 (ddd, J = 8.0, 8.0, 1.6 Hz, 1H), 7.40-7.48 (m, 3H), 7.50~7.60 
(m, 2H), 7.73 (s, 1H), 9.74 (s, 1H);  
13C NMR (100MHz, CDCl3, rt) δ 37.5, 86.2, 127.1, 127.3, 127.8, 129.4, 129.7, 130.5, 131.4, 
131.6, 131.8, 132.0, 132.1, 134.2, 137.4, 144.5, 190.5;  
IR (KBr) 3231, 1677, 1634, 1549, 1471, 1357, 1155, 750, 512, 456, 422 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H12ClNNaO3+ : 336.0403, found: 336.0401;  
[α]D
25 (CHCl3, c = 0.85) = -359,  
HPLC analysis (injected as CHCl3 solution, CHIRAL PAK IC, Hexane/i-PrOH = 9/1. Flow 




This compound was isolated as a white solid (60%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.42 (s, 1H), 5.53 (s, 1H), 6.59 (dd, J = 8.0, 1.2 Hz, 1H), 6.90 
(ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 7.03 (dd, J = 7.6, 7.6 Hz, 1H), 7.43-7.48 (m, 2H), 7.50-7.58 (m, 
2H), 7.71 (s, 1H), 7.93 (d, J = 8.0 Hz, 1H), 9.73 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 44.7, 86.6, 101.4, 127.3, 127.5, 128.5, 129.7, 129.8, 131.5, 
131.8, 131.8, 132.2, 136.9, 138.3, 140.8, 144.0, 190.4;  
IR (KBr) 3309, 3055, 3004, 2971, 2817, 2727, 1662, 1542, 1459, 1397, 1356, 1160, 1011, 768, 
722, 702, 625 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H12INNaO3+: 427.9760, found: 427.9762;  
mp = 171-172 °C; [α]D25 (CHCl3, c = 0.54) = –308;  
HPLC analysis (Injected as CHCl3 solution, CHIRAL PAK IE, Hexane/iPrOH = 10/1, flow rate 















This compound was isolated as a clear oil (61%);  
1H NMR (400MHz, CDCl3, rt) δ 5.70 (s, 1H), 5.94 (s, 1H), 6.83 (d, J = 8,0 Hz, 1H), 7.14 (dd, 
J = 8.0, 8.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.40 (dd, J = 8.0, 8.0 Hz, 1H), 7.53-7.65 (m, 3H), 
7.70-7.77 (m, 2H), 7.81 (s, 1H), 7.90 (d, J =8.0 Hz, 1H), 8.57 (d, J = 8.0 Hz, 1H), 9.78 (s, 1H);  
13C NMR (100MHz, CDCl3, rt) δ 37.2, 87.2, 122.6, 124.1, 125.0, 126.1, 127.4, 129.0, 129.5, 
129.7, 130.6, 131.4, 131.6, 132.0, 132.1, 134.6, 138.0, 144.6, 190.8 (Theoretically, 21 carbon 
signal should be observed. But there are only 19 signals. The last 2 signals are considered to 
overlap with the others);  
IR (KBr) 3047, 3019, 2821, 1678, 1634, 1550, 1397, 1359, 1276, 1154, 1107, 762, 700 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C21H15NNaO3: 352.0950, found: 352.0951;  
[a]D25 (CHCl3, c = 0.44) = -90.9,  
HPLC analysis (injected as CHCl3 solution, CHIRAL PAK IC, Hexane/iPrOH = 9/1. Flow rate 




This compound was isolated as a clear oil (75%);  
1H NMR (400MHz, CDCl3, rt) δ 0.54 (s, 9H), 5.31 (s, 1H), 5.48 (s, 1H), 6.60 (d, J = 8.0 Hz, 
1H), 7.00 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 7.19 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 7.44-7.48 (m, 2H), 
7.54-7.63 (m, 4H), 9.69 (s, 1H);  
13C NMR (100MHz, CDCl3, rt) δ 0.7, 40.1, 88.5, 126.4, 127.3, 127.5, 129.2, 129.4, 131.4, 131.6, 
131.9, 132.1, 136.2, 139.5, 139.8, 140.3, 143.3, 190.9;  
IR (KBr) 3059, 2955, 2898, 2818, 1683, 1635, 1550, 1355, 1252, 1155, 1123, 1106, 909, 840, 
730, 625 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C20H21NNaO3Si: 374.1188, found: 374.1185;  
[a]D25 (CHCl3, c = 1.0) = -519.7,  
HPLC analysis (injected as CHCl3 solution, CHIRAL PAK IF, Hexane/iPrOH = 19/1. Flow 














This compound was isolated as a white solid (52%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.55 (s, 1H), 5.85 (s, 1H), 6.80 (dd, J = 8.0, 1.2 Hz, 1H), 7.31 
(ddd, J = 7.6, 7.6, 1.2,Hz, 1H), 7.40 (ddd, J = 8.0, 8.0 1.2 Hz, 1H), 7.47-7.60 (m, 4H), 7.70 (s, 
1H), 8.02 (dd, J = 8.0, 1.2 Hz, 1H), 9.68 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 35.5, 86.5, 125.8, 127.6, 128.9, 129.1, 129.9, 130.4, 131.3, 
131.6, 132.2, 132.3, 133.4, 137.8, 144.3, 149.1, 190.4;  
IR (KBr) 3334, 3076, 2825, 2720, 1676, 1637, 1551, 1524, 1354, 1156, 1107, 908, 853, 765, 734, 
712, 624 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H12N2NaO5+: 347.0644, found: 347.0640;  
mp = 168-169 °C;  
[α]D25 (CHCl3, c = 0.19) = –846;  
HPLC analysis (Injected as CHCl3 solution, CHIRAL PAK IA, Hexane/iPrOH = 10/1 , flow rate 




This compound was isolated as a white solid (52%);  
1H NMR (400 MHz, CDCl3, rt) δ 3.96 (s, 3H), 5.47 (s, 1H), 5.62 (s, 1H), 6.60 (d, J = 7.6 Hz, 1H), 
6.66 (dd, J = 7.6, 7.6 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 7.19 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 7.36-
7.43 (m, 2H), 7.48-7.55 (m, 2H), 7.68 (s, 1H), 9.74 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 34.5, 55.7, 86.5, 111.0, 120.5, 122.7, 127.1, 128.2, 129.2, 129.6, 
131.1, 131.5, 131.8, 131.9, 138.0, 144.3, 156.9, 190.9;  
IR (KBr) 2840, 2720, 1678, 1548, 1490, 1359, 1246, 1154, 1111, 1027, 758, 628 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C18H15NNaO4+: 3320899, found: 332.0899;  
mp = 182-183 °C; [α]D25 (CHCl3, c = 0.93) = –392;  
HPLC analysis (Injected as CHCl3 solution, CHIRAL PAK IC, Hexane/iPrOH = 10/1, flow rate 















This compound was isolated as a orange oil (62%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.43 (s, 1H), 5.60 (s, 1H), 6.65 (dd, 1H, J = 8.0, 8.0 Hz), 6.86 
(dd, 1H, J = 8.0, 8.0 Hz), 7.11 (dd, 1H, J = 8.0, 8.0 Hz), 7.17-7.25 (m, 1H), 7.41-7.57 (m, 4H), 
7.69 (s, 1H), 9.73 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 33.77 (d, J = 3.8 Hz), 86.7 (d, J = 1.3 Hz), 116.2 (d, J = 21.3 
Hz), 122.2 (d, J = 14.4 Hz), 124.3 (d, J = 3.8 Hz), 127.4, 127.9 (d, J = 3.0 Hz), 129.7, 129.8 (d, J 
= 8.4 Hz), 131.4, 131.6, 131.8, 131.8, 137.0, 144.3, 160.4 (d, J = 247.2 Hz), 190.6;  
19F NMR (375 MHz, CDCl3, rt) δ -116.3 (m);  
IR (KBr) 3069, 3045, 2825, 2719, 1681, 1634, 1550, 1489, 1456, 1360, 1274, 1227, 1155, 1107 
cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H12FNaNO3+ : 320.0699, found: 320.0698;  
[α]D25 (CHCl3, c = 0.41) = -555.05;  
HPLC analysis (Injected as CHCl3 solution, CHIRAL PAK IC, Hexane/iPrOH = 9/1, flow rate = 




This compound was isolated as a yellow oil (89%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.34 (bs, 1H), 7.38-7.43 (m, 2H), 7.53 (ddd, J = 8.0, 8.0, 1.2 
Hz, 1H), 7.62-7.70 (m, 2H), 7.82 (m, 1H), 8.01 (dd, J =  8.0, 1.2 Hz, 1H), 8.14 (s, 1H), 8.32 (dd, 
J = 8.0, 0.8 Hz, 1H), 9.82 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 119.7, 122.9, 124.7, 125.9, 127.0, 127.8, 128.4, 128.6, 129.5, 
130.8, 131.7, 132.5, 133.1, 133.7, 133.8, 148.9, 191.4;  
IR (KBr) 3372, 3055, 2924, 2854, 1686, 1622, 1571, 1478, 1448, 1393, 1208, 1076, 1025, 905, 
837, 746 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H11BrNaO2+: 348.9840, found: 348.9837;  
[α]D25 (CHCl3, c = 0.51) = –20;  
HPLC analysis (CHIRAL PAK IC, Hexane/iPrOH = 30/1, flow rate = 1.0 mL/min, λ = 361 nm): 
tmajor = 21.6 min, tminor = 18.6 min, ee = 99%, A Single crystal was obtained from slowly 













This compound was isolated as a yellow oil (96%);  
1H NMR (400 MHz, CDCl3, rt) δ 2.09 (s, 3H), 5.37 (s, 1H), 7.30 (d, J = 7.2 Hz, 1H), 7.38-7.47 
(m, 3H), 7.59-7.68 (m, 2H), 8.01 (d, J = 8.0 Hz, 1H), 8.16 (s, 1H), 8.30 (d, J = 8.0 Hz, 1H), 9.77 
(s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 19.9, 120.4, 122.7, 123.1, 126.7, 127.0, 127.5, 128.4, 129.5, 
129.6, 131.1, 131.2, 131.3, 131.8, 132.9, 138.6, 148.7, 192.1;  
IR (KBr) 3396, 3061, 2924, 2854, 1687, 1622, 1569, 1447, 1389, 1281, 1178, 1062, 842, 740 cm-
1;  
HRMS (ESI) [M+Na]+ calculated for C18H14NaO2+: 285.0891, found: 285.0887;  
[α]D25 (CHCl3, c = 0.53) = –3.4;  
HPLC analysis (CHIRAL PAK IB, Hexane/iPrOH = 30/1, flow rate = 1.0 mL/min, λ = 361 nm): 




This compound was isolated as a orange soil (66%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.38 (br, 1H), 7.40-7.54 (m, 3H), 7.62-7.71 (m, 3H), 8.02 (dd, 
J = 8.4, 1.2 Hz, 1H), 8.14 (s, 1H), 8.32 (dd, J = 8.8, 0.8 Hz, 1H), 9.83 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 117.7, 122.9, 124.9, 127.0, 127.8, 127.8, 128.6, 129.5, 130.6, 
130.7, 131.7, 131.9, 132.5, 133.2, 135.6, 149.1, 191.5;  
IR (KBr) 3432, 3429, 2971, 2931, 2854, 1685, 1626, 1575, 1394, 1281, 909, 839, 750, 580 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H11ClNaO2+; 305.0345, found: 305.0341;  
[α]D25 (CHCl3, c = 0.60) = -1.61;  
HPLC analysis (CHIRAL PAK OD-H, Hexane/iPrOH = 19/1, flow rate = 1.0 mL/min, λ = 257 




This compound was isolated as a yellow oil (94%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.25 (bs, 1H), 7.24 (ddd, J = 8.0, 8.0, 1.2 Hz, 1H), 7.40 (ddd, J 











8.09 (d, J = 8.0 Hz, 1H), 8.14 (s, 1H), 8.32 (d, J = 8.0 Hz, 1H), 9.80 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 102.2, 122.9, 123.1, 124.6. 126.9, 127.8, 128.6, 129.3, 129.6, 
130.7, 131.5, 131.6, 133.2, 138.0, 140.1, 148.7, 191.4;  
IR (KBr) 3375, 3055, 2925, 2854, 1684, 1622, 1571, 1392, 1207, 1074, 1016, 908, 836, 741 cm-
1;  
HRMS (ESI) [M+Na]+ calculated for C17H11INaO2+: 396.9701, found: 396.9698;  
[α]D25 (CHCl3, c = 0.35) = –37;  
HPLC analysis (CHIRAL PAK IB, Hexane/iPrOH = 30/1, flow rate = 1.0 mL/min, λ = 361 nm): 




This compound was isolated as a orange oil (81%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.50 (br, 1H), 7.40-7.49 (m, 2H), 7.54-7.60 (m, 2H), 7.63-7.71 
(m, 3H), 7.98 (d, J = 8.4 Hz, 1H), 8.02-8.08 (m, 2H), 8.25 (s, 1H), 8.33 (d, J = 8.0 Hz, 1H), 9.58 
(s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 119.1, 122.5, 122.8, 125.3, 125.7, 126.8, 127.4, 127.6, 128.5, 
128.7, 129.5, 129.7, 129.7, 129.8, 132.7, 133.1, 133.1, 134.0, 149.6, 191.9 (Theoretically, 21 
carbon signal should be observed. But there are only 20 signals. The last 1 signals are considered 
to overlap with the others);  
IR (KBr) 3385, 3050, 2952, 2925, 2858, 1685, 1571, 1386, 1212, 1037, 753, 580 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C21H14NaO2: 321.0891, found: 321.0893;  
[α]D25 (CHCl3, c = 0.30) = -138.9;  
HPLC analysis (CHIRAL PAK IA, Hexane/iPrOH = 19/1, flow rate = 1.0 mL/min, λ = 210 nm): 




This compound was isolated as a clear oil (75%);  
1H NMR (400MHz, CDCl3, rt) δ -0.07 (s, 9H), 5.35 (s, 1H), 7.29-7.31 (m, 1H), 7.48-7.60 (m, 
2H), 7.61-7.67 (m, 2H), 7.78-7.80 (1H, m), 8.01 (d, J = 7.6 Hz, 1H), 8.15 (s, 1H), 8.29 (d, J = 
8.0 Hz, 1H), 9.74 (s, 1H);  







129.9, 131.6, 132.6, 132.9, 135.9, 137.6, 142.0, 149.3, 192.2;  
IR (KBr) 3531, 3371, 2954, 1687, 1570, 1389, 1249, 1207, 1120, 1086, 840, 754 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C20H20NaO2Si: 343.1130, found: 343.1131;  
[a]D25 (CHCl3, c = 1.0) = -88.7,  
HPLC analysis (injected as CHCl3 solution, CHIRAL PAK IA, Hexane/iPrOH = 30/1. Flow 




This compound was isolated as a yellow oil (76%);  
1H NMR (400 MHz, CDCl3, rt) δ 5.26 (s, 1H), 7.43 (dd, J = 7.6, 1.6 Hz, 1H), 7.63-7.73 (m, 3H), 
7.77 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 8.02 (dd, J = 7.6, 1.2 Hz, 1H), 8.05 (s, 1H), 8.23 (dd, J = 
8.0, 1.2 Hz, 1H), 8.29 (d, J = 8.4 Hz, 1H), 9.89 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 115.5, 122.6, 125.2, 127.2, 128.0, 129.1, 129.3, 129.3, 129.9, 
132.1, 132.9, 133.1, 133.8, 139.0, 148.9, 150.0, 191.5;  
IR (KBr) 3426, 3059, 2924, 2851, 1689, 1572, 1523, 1395, 1346, 1209, 857, 787, 729 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H11NaNO4+: 316.0580, found: 316.0579;  
HPLC analysis (CHIRAL PAK IE, Hexane/iPrOH = 10/1, flow rate = 1.0 mL/min, λ = 361 




This compound was isolated as a yellow oil (92%);  
1H NMR (400 MHz, CDCl3, rt) δ 3.79 (m, 3H), 5.85 (s, 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.17 (ddd, 
J = 8.0, .0, 1.2 Hz, 1H), 7.32 (dd, J = 7.6, 1.6 Hz, 1H), 7.52 (ddd, J = 8.0, 8.0, 1.2 Hz, 1H), 7.57-
7.66 (m, 2H), 7.99 (d, J = 7.2 Hz, 1H), 8.16 (s, 1H), 8.32 (d, J = 8.8 Hz, 1H), 9.78 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 55.7, 111.7, 117.8, 120.7, 121.7, 122.4, 122.8, 127.1, 127.4, 
128.1, 129.5, 130.9, 132.3, 132.6, 132.9, 149.2, 157.6, 192.5;  
IR (KBr) 3408, 3059, 2927, 2851, 1688, 1569, 1493, 1461, 1389, 1248, 1024, 755 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C18H14NaO3+: 301.0835, found: 301.0842;  
[α]D25 (CHCl3, c = 0.45) = –2.5;  











This compound was isolated as a orange oil (70%); 
1H NMR (400 MHz, CDCl3, rt) δ 5.57 (br, 1H), 7.30 (dd, J = 8.8, 8.8 Hz, 1H), 7.35-7.44 (m, 2H), 
7.52-7.58 (m, 1H), 7.62-7.72 (m, 2H), 8.01 (d, J = 8.0 Hz, 1H), 8.13 (s, 1H), 8.32(d, J =8.0 Hz, 
1H), 9.91 (s, 1H); 
13C NMR (100 MHz, CDCl3, rt) δ 113.7, 116.7 (d, J = 21.7 Hz), 120.2 (d, J = 16.8 Hz), 122.8, 
125.2 (d, J = 2.0 Hz), 126.9, 127.9, 128.7, 129.4, 131.3 (d, J = 8.0 Hz), 132.0, 132.3 (d, J = 2.7 
Hz), 133.1, 149.6, 149.8, 160.8 (d, J = 246.9 Hz), 191.7;  
19F NMR (375 MHz, CDCl3, rt) δ -111.8 (m); 
IR (KBr) 3377, 3061, 2862, 1688, 1622, 1571, 1492, 1456, 1394, 1209, 754 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H12FNNaO3: 320.0699, found: 320.0701;  




The compound was obtained as pale yellow oil;  
H NMR (400 MHz, CDCl3, rt) δ 2.60 (s, 3H), 3.08 (s, 3H), 3.25 (s, 3H), 4.60 (s, 1H), 4.91 (s, 
1H), 5.58 (s, 1H), 6.66 (d, J = 8.0 Hz, 1H), 6.84 (dd, J = 7.6, 7.6 Hz, 1H), 7.03-7.06 (m, 2H), 
7.30 (d, J = 7.2 Hz, 1H), 7.24-7.25 (m, 1H), 7.37-7.44 (m, 2H);  
13C NMR (100 MHz, CDCl3, rt) δ20.8, 40.6, 50.0, 54.3, 88.5, 100.7, 124.6, 125.2, 126.0, 126.3, 





The compound was obtained as deep red solution in d8-THF;  
1H NMR (400 MHz, CDCl3, rt) δ 2.65 (s, 3H), 3.05-3.22 (s*2, 3H*2, mixture with CH(OMe)3), 





















13C NMR (100 MHz, CDCl3, rt) δ 20.6, 42.1, 50.0, 54.4, 102.2, 118.7, 124.7, 125.4, 126.4, 
126.5, 128.0, 128.1, 128.4, 129.1, 130.1, 132.1, 132.5, 137.5, 139.3, 143.8. 
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Chapter 3. 軸不⻫分⼦の新規⾼⽴体選択的エナンチオダイバージェント合成法 
1. General procedure for the synthesis of axially chiral biaryls 
1-1. One-pot procedure for axially chiral biaryl via dihydronaphthalene 
• One-pot Method A 
 
To the solution of unsaturated aldehyde 3-16 (0.33 mmol, 1.1 eq.) and 2-
nitromethylbenzaldehyde 3-15 (0.30 mmol, 1.0 eq.) in Et2O (600 ml) was added 
diphenylprolinol trimethyl silyl ether (4.9 mg, 0.015 mmol, 5 mol%). After stirring 4 h, 5.4 ml 
of THF was added to the reaction system. To the solution was added t-BuOK (51 mg, 0.45 mmol, 
1.5 eq.) and stirred for 30 minutes at room temperature. Then, addition of NH4Cl (16 mg, 0.30 
mmol, 1.0 eq.) and stirring for 10 minutes was followed by addition of NBS (107 mg, 0.60 
mmol, 2.0 eq.) additionally stirred for 30 minutes. Next, AgOTf (193 mg, 0.75 mmol, 2.5 eq.) 
was added and stirred for 30 minutes. The resulted mixture was quenched by addition of sat. 
NH4Cl aq. (5 ml) and organic materials were extracted by AcOEt (3 ml * 3 times). The combined 
organic phases were washed by brine (4 ml * 2 times) and concentrated after drying over Na2SO4. 
The residue was purified by column chromatography and pure (Sa)-3-21 was obtained in 
































• One-pot Method B 
 
To the solution of unsaturated aldehyde 3-16 (0.33 mmol, 1.1 eq.) and 2-
nitromethylbenzaldehyde 3-15 (0.30 mmol, 1.0 eq.) in Et2O (600 ml) was added 
diphenylprolinol trimethyl silyl ether (4.9 mg, 0.015 mmol, 5 mol%). After stirring 4 h, 5.4 ml 
of THF was added to the reaction system. To the solution was added t-BuOK (51 mg, 0.45 mmol, 
1.5 eq.) and stirred for 30 minutes at room temperature. Then, NIS (81 mg, 0.36 mmol, 1.2 eq.) 
was added and additionally stirred for 30 minutes. The resulted mixture was quenched by 
addition of sat. Na2S2O3 aq. (5 ml) and organic materials were extracted by AcOEt (3 ml * 3 
times). The combined organic phases were washed by brine (4 ml * 2 times) and concentrated 
after drying over Na2SO4. The residue was purified by column chromatography and pure (Ra)-3-
21 was obtained in respective yield and enantiomeric ratio. 
 
1-2. Two-pot procedure for axially chiral biaryl via dihydronaphthalene 
• Method A 
 
To the solution of 3-17 (0.25 mmol, 1.0 eq.) in 5.0 ml of THF was added t-BuOK (34 mg, 
0.30 mmol, 1.2 eq.) and stirred for 30 minutes at room temperature. NBS (89 mg, 0.50 mmol, 
2.0 eq.) was added and additionally stirred for 30 minutes. Next, AgOTf (160 mg, 0.625 mmol, 
2.5 eq.) was added and stirred for 30 minutes. The resulted mixture was quenched by addition 
of sat. NH4Cl aq. (5 ml) and organic materials were extracted by AcOEt (3 ml * 3 times). The 
combined organic phases were washed by brine (4 ml * 2 times) and concentrated after drying 
over Na2SO4. The residue was purified by column chromatography and pure (Sa)-3-21 was 































THF, rt, 30 min,
NBS (2.0 eq.)
 rt, 30 min,
AgOTf (2.5 eq.)










• method B  
 
To the solution of 3-17 (0.25 mmol, 1.0 eq.) in 5.0 ml of THF was added t-BuOK (33.7 mg, 
0.30 mmol, 1.2 eq.) and stirred for 30 minutes at room temperature. Then, NIS (67.5 mg, 0.30 
mmol, 1.2 eq.) was added and additionally stirred for 30 minutes. The resulted mixture was 
quenched by addition of sat. Na2S2O3 aq. (5 ml) and organic materials were extracted by AcOEt 
(3 ml * 3 times). The combined organic phases were washed by brine (4 ml * 2 times) and 
concentrated after drying over Na2SO4. The residue was purified by column chromatography and 
pure (Ra)-3-21 was obtained in respective yield and enantiomeric ratio. The yield was calculated 
only this step. 
 
2. Procedure for mechanistic study  
2-1.  Synthesis of brominated intermdiates 
 
To the solution of 3-17a (358 mg, 1.00 mmol) in 20 ml of THF (0.05 M) was added t-BuOK 
(134.5 mg, 1.20 mmol, 1.2 eq.). Immediately the color of solution turned to deep red, and stirred 
for 30 minutes at room temperature. Then, NBS (356 mg, 2.00 mmol, 2.0 eq.) was added to the 
reaction mixture, and then, the color of reaction mixture turned to white. After the additional 
stirring for 15 minutes, the reaction was quenched by adding of 20 ml of sat. NH4Cl aq.. The 
organic materials were extracted by extraction using AcOEt (10 ml * 3 times). The combined 
organic layers were washed by brine (10 ml * twice), dried over Na2SO4 and concentrated in 
vacuo after filtration. The obtained crude materials were purified by column chromatography 
(eluted by hexane/AcOEt = 3:1) and afforded 3-20a as pale yellow oil for quantitative yield. 
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2-2. Synthesis of Iodinated intermediate 
 
To the solution of 3-17a (72 mg, 0.20 mmol, 1.0 eq.) in 4 ml of THF was added t-BuOK (27 
mg, 0.24 mmol, 1.2 eq.) and stirred for 30 minutes at room temperature. Then the resulted red 
mixture was cooled to -50 ˚C and added NIS (68 mg, 0.30 mmol, 1.5 eq.). After stirring 90 
minutes with keeping the temperature, additional 45 mg of NIS was added to complete 
conversion. The resulted solution was diluted with 40 ml of Et2O with keeping temperature 
below -20 ˚C and re-cooled to -78 ˚C. The following treatments were conducted in chilled room 
(5 ̊ C). The reaction mixture was filtrated with celite and washed brine twice. The organic phases 
were concentrated under 0 ˚C after drying with Na2SO4. The resulted almost pure 3-26 was 
employed following experiences.  
 
2-3. Acid or base treatment of halogenated intermediates 
 
To the solution of 3-20 (43.7 mg, 0.1 mmol) in 2.0 ml of THF (0.05 M) was added AgOTf 
(51.4 mg, 0.2 mmol, 2.0 eq.). After stirring for 30 minutes, the reaction mixture was quenched 
by sat. NH4Cl aq.. and organic materials were extracted by AcOEt (2 mL*3 times). The organic 
extracts were washed by 4 ml of brine and concentrated in vacuo after drying over Na2SO4. The 
obtained crude materials were purified by column chromatography (eluted by hexane/AcOEt = 
3:1) and afforded 33 mg of pure 3-21a as pale-yellow oil (90% yield). The spectra of obtained 





t-BuOK (1.2 eq.) NIS (2.5 eq.)













 90%, (Sa)-3-21a: (Ra)-3-21a =97:3
(Sa)-3-21a
AgOTf (2.0 eq)











To the solution of 3-26 (0.1 mmol) in 4.0 ml of THF (0.05 M) was added AgOTf (51.4 mg, 
0.2 mmol, 2.0 eq.). After stirring for 30 minutes, the reaction mixture was quenched by sat. 
NH4Cl aq. and organic materials were extracted by AcOEt (2 mL*3 times). The organic extracts 
were washed by 4 ml of brine and concentrated in vacuo after drying over Na2SO4. The obtained 
crude materials were purified by column chromatography (eluted by hexane/AcOEt = 3:1) and 
afforded 61 mg of (Sa)-3-21a as pale-yellow oil (86% yield, 2 steps). The spectra of obtained 




To the solution of 3-26 (0.023 mmol) in 460 ml of THF (0.05 M) was added K-succinimide 
(2.0 eq.). After stirring 30 minutes, resulted reaction mixture was quenched by sat. Na2S2O3 aq. 
and organic materials were extracted by AcOEt (1 ml* 3 times). The combined extracts were 
washed by brine twice and concentrated in vacuo after drying over Na2SO4. The residue was 
purified by column chromatography and afforded (Ra)-3-21a in 37% yield in 2 steps. The er was 
determined by HPLC on chiral phase. 
 
 
To the solution of 3-20 (10 mg, 0.023 mmol) in 460 ml of THF (0.05 M) was added 
corresponding amount of base (2.0 eq.). After stirring 30 minutes., resulted reaction mixture was 
quenched by sat. Na2S2O3 aq. and organic materials were extracted by AcOEt (1 ml* 3 times). 
The combined extracts were washed by brine twice and concentrated in vacuo after drying over 
Na2SO4. The residue was purified by column chromatography and afforded (Ra)-3-21a in 




86% (2 steps), 92% ee
(Sa)-3-21a
AgOTf (2.0 eq.)










(Ra)-3-21a: (Sa)-3-21a = 98:2
(Ra)-3-21a
K-succimide (2.0 eq)

































3. Transformation of biaryls  
3-1. reduction of aldehyde 
 
To the solution of aldehyde 3-21a (50 mg, 0.14 mmol) in THF/MeOH (1:1, 0.25 M) was 
added NaBH4 (15.9 mg, 0.42 mmol, 3.0 eq.) at room temperature. After stirring for 20 
minutes., the reaction was quenched by addition of sat. NH4Cl aq.. The organic materials were 
extracted by AcOEt for 3 times and the combined organic layer was washed with brine twice, 
dried over Na2SO4 and concentrated after filtration. The crude material was purified by 
column chromatography (eluted by Hex/AcOEt = 3:1) and afforded desired alcohol 3-23 (47 
mg, 94% yield). 
 
3-2. Pinnick-Kraus oxidation 
 
To the solution of aldehyde 3-21a (106.8 mg, 0.3 mmol) and 2-methyl-2-butene (74 ml, 0.9 
mmol, 3.0 eq.) in THF (1.5 ml, 0.2 M) was added the solution of NaClO2 (68.7 mg, 0.6 mmol, 
2.0 eq.), NaH2PO4•H2O(187.2 mg, 1.2 mmol, 4.0 eq.) in water (1.5 ml) at 0 ˚C. After stirring 
for 30 minutes., the reaction was quenched by addition of sat. Na2S2O3 aq. (5.0 ml). The 
organic materials were extracted by AcOEt (3 ml, 3 times). The combined organic layer was 
washed by brine twice, dried over Na2SO4 and concentrated in vacuo after filtration. The crude 
material was purified by column chromatography (eluted by H/A = 1:1) and afforded target 
carboxylic acid 3-22 (88 mg, 79% yield). The er of 3-22 was determined by HPLC on a chiral 




After the reduction of aldehyde 3-21a (0.3 mmol, followed the procedure shown above), 
activated Zn (20 eq, treated with 2 eq. of TMSCl before using in AcOH/Et2O (2.4 ml, 1:1)) was 
added to the reaction system. The slurry became slightly warm and stirred for 2 h at the 





































rt, 2 h., 90%
Br
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organic materials were extracted by AcOEt (4 ml, 3 times) and the combined organic layer was 
washed by brine twice, dried over Na2SO4 and concentrated after filtration. The crude material 
was purified by column chromatography (eluted by H/A = 3:1) and afforded desired 1-
naphthylamine 3-24 (90 mg, 90 % yield). 
 
4. Data of X-ray single crystal analysis  
 Single crystals suitable for X-ray crystallography were obtained by recrystallization from 
CHCl3/hexane (slow evapolation). X-ray diffraction data were collected at 150 K on a Rigaku XtaLAB 
mini diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71070 Å). The structure 
was solved by direct methods [1] and expanded using Fourier techniques. The non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms were refined using the riding model. The final cycle of 
full-matrix least-squares refinement[2] on F2 was based on 3728 observed reflections and 208 variable 
(largest parameter shift was 0.00 times its esd.) with unweighted and weighted agreement factors of:  
 
R1 = S ||Fo| - |Fc|| / S |Fo| = 0.0729  
wR2 = [ S ( w (Fo2 - Fc2)2 ) / S w(Fo2)2]1/2 = 0.2499   
 
   The goodness of fit[3] was 1.15. Unit weights were used. The maximum and minimum peaks on 
the final difference Fourier map corresponded to 2.01 and -2.04 e-/Å3, respectively. The final Flack 
parameter[4] was 0.029(16), indicating that the present absolute structure is corresct.[5] A total of 8056 
reflections were measured and 3728 were unique (Rint = 0.0828). Crystal data and refinement statistics 
are shown in Table S1. Atomic coordinates and Biso/Beq are listed in Table S2. Atomic coordinates and 
Biso involving hydrogen atoms are listed in Table S3. 
   Crystallographic data of 3-20 has been deposited with Cambridge Crystallographic Data Center, 
deposition no. CCDC 2048035. 
 
–––––––––––––––––––––––––––––––––––––––––––––––– 
[1] SHELXS: Sheldrick, G. M. (2008). Acta Cryst. A64, 112-122. 
[2] Least Squares function minimized: (SHELXL 2013) 
Sw(Fo2-Fc2)2     where w = Least Squares weights. 
[3] Goodness of fit is defined as:  
  [Sw(Fo2 - Fc2)2/(No - Nv)]1/2 
 where: No = number of observations 
        Nv = number of variables 
[4] Parsons, S. and Flack, H. (2004), Acta Cryst., A60, s61.  
[5] Flack, H.D. and Bernardinelli (2000), J. Appl. Cryst., 33, 114-1148. 
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Table S1. Crystal data and structure refinement for 3-20. 
 
A. Crystal Data 
Empirical Formula C17H11Br2NO3 
Formula Weight 437.09 
Crystal Color, Habit colorless, needle 
Crystal Dimensions 0.400 X 0.050 X 0.050 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a = 7.9587(12) Å 
 b = 8.5857(13) Å 
 c = 12.2072(19) Å 
 V = 821.1(2) Å3 
Space Group P21 (#4) 
Z value 2 
Dcalc 1.768 g/cm3 
F000 428.00 
µ(MoKa) 49.639 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoKa (l = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50 kV, 12 mA 
Temperature -123.0 oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
Pixel Size 0.073 mm 
2qmax 55.0o 
No. of Reflections Measured Total: 8056 
 Unique: 3728 (Rint = 0.0828) 





 (trans. factors: 0.375 - 0.780) 
 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SHELXS) 
Refinement Full-matrix least-squares on F2 
2qmax cutoff 55.0o 
No. Observations (All reflections) 3728 
No. Variables 208 
Reflection/Parameter Ratio 17.92 
Residuals: R1 (I>2.00s(I)) 0.0729 
Residuals: R (All reflections) 0.1160 
Residuals: wR2 (All reflections) 0.2499 
Goodness of Fit Indicator 1.151 
Flack parameter (Parsons' quotients = 724) 0.029(16) 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 2.01 e-/Å3 
Minimum peak in Final Diff. Map -2.04 e-/Å3 
 
 
Table S2. Atomic coordinates and Biso/Beq for 3-20. 
 
atom    x    y    z  Beq 
Br1    -0.0313(2)  0.0076(3)  0.61436(16)  3.62(5) 
Br2     0.4963(3) -0.2438(3)  0.74252(17)  3.62(5) 
O9      0.1584(18)  0.0827(18)  0.9261(11)  3.5(3) 
O10     0.113(2) -0.122(2)  0.8312(13)  4.4(3) 
O24     0.5418(19)  0.0751(16)  0.5454(12)  3.5(3) 
N17     0.1298(17)  0.009(2)  0.8376(11)  2.3(2) 
C3      0.061(2)  0.546(2)  0.6901(16)  2.5(3) 
C4     -0.071(2)  0.298(2)  0.7958(16)  2.7(3) 
C5      0.0660(19)  0.266(2)  0.7435(13)  2.2(3) 
C6      0.132(2)  0.111(3)  0.7319(14)  2.6(3) 
C7      0.500(2)  0.209(3)  0.8720(14)  2.8(4) 
C8      0.548(2) -0.066(2)  0.8297(14)  2.5(3) 
C12     0.134(2)  0.400(2)  0.6909(14)  1.9(3) 
C13     0.272(2)  0.362(2)  0.6297(14)  2.1(3) 
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C14     0.314(2)  0.094(2)  0.7016(14)  1.8(3) 
C15    -0.140(2)  0.446(2)  0.7965(18)  2.9(4) 
C16     0.351(2)  0.2211(19)  0.6304(14)  2.0(3) 
C18     0.676(3) -0.066(3)  0.9219(17)  3.7(4) 
C19     0.458(2)  0.073(2)  0.8041(13)  2.0(3) 
C20     0.717(2)  0.055(2)  0.9891(17)  3.1(4) 
C21     0.630(2)  0.190(3)  0.9651(15)  3.7(5) 
C22     0.475(2)  0.203(3)  0.5575(16)  3.2(4) 
C23    -0.075(3)  0.563(3)  0.7439(18)  4.1(5) 
 
Beq = 8/3 p2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12(aa*bb*)cos g + 2U13(aa*cc*)cos b + 2U23(bb*cc*)cos a) 
 
Table S3. Atomic coordinates and Biso involving hydrogen atoms for 3-20. 
 
atom    x    y    z  Biso 
H3      0.10444  0.63097  0.65372  3.007 
H4     -0.11893  0.21580  0.83227  3.184 
H7      0.44376  0.30620  0.85489  3.337 
H13     0.30999  0.44209  0.58627  2.533 
H14     0.31210 -0.00402  0.65662  2.218 
H15    -0.23319  0.46526  0.83399  3.474 
H18     0.73919 -0.15912  0.93867  4.451 
H20     0.80609  0.04702  1.05209  3.772 
H21     0.65729  0.27590  1.01401  4.483 
H22     0.50529  0.29086  0.51806  3.882 
H23    -0.12651  0.66312  0.74386  4.863
 
 
Figure S1. ORTEP for 3-20. Thermal ellipsoids are set at 50 % probability. 
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5. Compounds data  
5-1. Data of dihydronaphthalene SI-3 
About SI-3-a, SI-3-b, SI-3-c, SI-3-d, SI-3-g, SI-3-h, SI-3-i, the spectral and related data 
were already reported in our previous paper. (S. Koshino, A. Takikawa, K. Ishida, T. Taniguchi, 




This compound was isolated as a colorless oil (78%).; 
1H NMR (400MHz, CDCl3) δ 1.43 (d, J = 6.8 Hz, 3H), 1.48 (d, J = 6.8 Hz, 3H), 3.70 (sep, J = 
6.8 Hz, 1H), 5.41 (s, 1H), 5.47 (s, 1H), 6.53 (dd, J = 8.0, 1.2 Hz, 1H), 6.84 (ddd, J = 7.6, 7.6, 
1.2 Hz, 1H) 7.19 (ddd, J = 7.6, 7.6. 1.2 Hz, 1H), 7.34-7.39 (m, 2H), 7.45 (ddd. J = 7.2, 7.2, 2.0 
Hz,1H), 7.55-7.62 (m, 2H), 7.68 (s, 1H), 9.68 (s, 1H); 
13C NMR (100MHz, CDCl3) δ 23.5, 24.4, 28.8, 36.5, 88.4, 125.7, 126.1, 126.5, 127.1, 128.3, 
129.6, 131.4, 131.6, 131.9, 132.0, 132.2, 139.0, 143.9, 146.8, 190.9; 
IR (KBr) 2965, 1679, 1635, 1550, 1486, 1355, 1273, 1155, 1107, 758, 700, 628 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C20H19NNaO3 Exact Mass: 344.1263:, found: 344.1263.;  
[α]D
25
 (CHCl3, c = 1.22) = -485.1; 
HPLC analysis (injected as CHCl3 solution, IA, Hexane/i-PrOH =19/1. Flow rate = 1.0 ml/min, 





This compound was isolated as a clear oil (87%).;  
1H NMR (400MHz, CDCl3) δ 5.46 (s, 1H), 5.54 (s, 1H), 6.73 (d, J =8.0 Hz, 1H), 7.22 (dd, J = 
8.0, 8.0 Hz, 1H), 7.33 (dd, J =8.0, 8.0 Hz, 1H), 7.45-7.48 (m, 2H), 7.58-7.59 (m, 2H), 7.70 (s, 
1H), 7.74 (d, J = 8.0 Hz, 1H), 9.71 (s, 1H);  
13C NMR (100MHz, CDCl3) δ 36.3 (q, J = 2.0 Hz), 87.2, 124.3 (q, J = 273.2 Hz), 127.2, 127.3 
(q, J = 58 Hz), 128.3, 128.3, 128.4, 129.8, 131.5, 131.6, 132.0, 132.1, 132.2, 133.7, 138.2, 144.0, 
190.5; 











HRMS (ESI) [M+Na]+ calculated for C18H12F3NNaO3 Exact Mass: 370.0667:, found: 
370.0666.; [α]D25 (CHCl3, c = 1.0) =-370.2; 
HPLC analysis (injected as CHCl3 solution, IE, Hexane/i-PrOH = 19/1. Flow rate = 1.0 ml/min, 





This compound was isolated as a clear oil (70%).;  
1H NMR (400MHz, CDCl3) δ 3.88 (s, 3H), 5.69 (s. 1H), 5.83 (s, 1H), 6.46 (d. J = 8.4 Hz, 1H), 
6.74 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 7.2 Hz, 1H), 7.40 (ddd, J = 7.2, 7.2, 1.2 Hz, 1H), 7.53-7.64 
(m. 3H), 7.76 (ddd, J = 7.2, 7.2, 1.2 Hz, 1H), 7.78 (s, 1H), 8.34 (d, J = 7.6 Hz, 1H), 8.49 (d, J = 
7.6 Hz, 1H), 9.77 (s, 1H);  
13C NMR (100MHz, CDCl3) δ 37.0, 55.4, 87.3, 102.8, 121.2, 122.4, 123.4, 124.4, 125.5, 126.7, 
127.6, 127.9, 129.7, 131.3, 131.47, 131.54, 132.10, 132.13, 138.2, 144.4, 155.7, 190.8;  
IR (KBr) 2960, 1633, 1584, 1550, 1462, 1387, 1270, 1218, 1154, 1092, 761 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C22H17NNaO4 Exact Mass: 382.1055:, found: 382.1055.; 
[α]D25 (CHCl3, c = 1.0) = -251.0; 
HPLC analysis (injected as CHCl3 solution, ID, Hexane/ i-PrOH =19 /1. Flow rate = 1.0 ml/min, 





This compound was isolated as a cream amorphous (54%).;  
1H NMR (400MHz, CDCl3) δ 5.55 (s, 1H), 5.57 (s, 1H), 6.61 (d, J = 7.6 Hz, 1H), 7.03 (dd, J = 
7.6, 7.6 Hz, 1H), 7.10 (dd, J = 7.6, 7.6 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 
1H), 7.64-7.67 (m, 2H), 7.72 (s, 1H), 9.74 (s, 1H);  
13C NMR (100MHz, CDCl3) δ 40.0, 85.6, 124.9, 125.6, 126.0, 127.8, 127.9, 129.8, 132.3, 133.2, 
133.45, 133.47, 134.1, 134.5, 138.7, 142.6, 190.1;  













HRMS (ESI) [M+Na]+ calculated for C17H11Br2NNaO3 Exact Mass:457.9003:, found: 
457.9005 
[α]D
25 (CHCl3, c = 0.86) = -136.7; 
HPLC analysis (injected as CHCl3 solution, IA, Hexane/ i-PrOH = 9/1. Flow rate = 1.0 ml/min, 





This compound was isolated as a blown oil (77%).; 
1H NMR (400MHz, CDCl3) δ 5.54 (m, 2H), 6.61 (dd, J = 8.0, 1.6 Hz, 1H), 7.03 (dd, J = 7.2, 
7.2 Hz, 1H), 7.11 (dd, J = 7.2, 7.2 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 1.6 Hz, 1H), 
7.65-7.70 (m, 3H), 9.73 (s, 1H); 
13C NMR (100MHz, CDCl3) δ 39.9, 85.6, 124.8, 125.8, 127.8, 127.9, 128.8, 129.8, 130.6, 130.8, 
133.1, 134.1, 134.6, 135.1, 137.8, 143.1, 190.2; 
IR (KBr) 3061, 2825, 2724, 1681, 1633, 1589, 1554, 1467, 1395, 1353, 1267, 1156, 1118, 1076, 
1025, 787, 737, 701, 625, 556 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H11Br2NNaO3: 457.9003 , found: 457.9000.;  
[α]D
25 (CHCl3, c = 1.0) = -175.1; 
HPLC analysis (injected as CHCl3 solution, IF, Hexane/ i-PrOH = 19/1. Flow rate = 1.0 ml/min, 




This compound was isolated as a blown oil (93%).; 
1H NMR (400MHz, CDCl3) δ 5.65 (s, 1H), 5.96 (s, 1H), 6.81 (d, J = 7.2 Hz, 1H), 7.08 (d, J = 
8.0 Hz, 1H), 7.16 (dd, J = 8.4, 8.4 Hz, 1H), 7.53 (dd, J = 8.0, 2.0 Hz, 1H), 7.60 (dd, J = 8.0, 8.0 
Hz, 1H), 7.72-7.78 (m, 4H), 7.91 (d, J = 7.6 Hz, 1H), 8.54 (d, J = 8.8 Hz, 1H), 9.77 (s, 1H); 
13C NMR (100MHz, CDCl3) δ 37.2, 86.6, 122.5, 124.0, 125.1, 125.5, 126.2, 126.3, 127.6, 129.2, 
129.6, 130.5, 132.4, 133.5, 133.8, 134.3, 134.6, 139.1, 142.8, 190.4 (Theoretically, 21 carbon 
signals should be observed. But there are only 20 signals. The last 1 signal is considered to 












IR (KBr) 3060, 2830, 2716, 1682, 1552, 1358, 1265, 1157, 1119, 1078, 905, 779, 737, 700 cm-
1;  
HRMS (ESI) [M+Na]+ calculated for C21H14BrNNaO3: 430.0055, found: 430.0059.;  
[α]D25 (CHCl3, c = 0.50) = 30.2; 
HPLC analysis (injected as CHCl3 solution, IB, Hexane/ i-PrOH = 19/1. Flow rate = 1.0 ml/min, 




This compound was isolated as a blown oil (59%).; 
1H NMR (400MHz, CDCl3) δ 5.65 (s, 1H), 5.95 (s, 1H), 6.81 (d, J = 7.2 Hz, 1H), 7.16 (dd, J = 
8.4, 8.4 Hz, 1H), 7.36 (d, J = 1.6 Hz, 1H), 7.49 (d, J = 8.4 Hz, 1H), 7.60 (dd, J = 8.0, 8.0 Hz, 
1H), 7.68-7.79 (m, 4H), 7.91 (d, J = 8.0 Hz, 1H), 8.53 (d, J = 8.4 Hz, 1H), 9.77 (s, 1H); 
13C NMR (100MHz, CDCl3) δ 37.2, 86.5, 122.4, 124.0, 125.0, 125.6, 126.3, 127.6, 129.1, 
129.16, 129.24, 129.6, 130.5, 130.8, 130.9, 134.55, 134.64, 135.1, 138.3, 143.3, 190.4; 
IR (KBr) 3055, 2829, 2712, 1680, 1551, 1356, 1154, 1119, 803, 778 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C21H14BrNNaO3: 430.0055, found: 430.0055.;  
[α]D25 (CHCl3, c = 0.74) = -64.4; 
HPLC analysis (injected as CHCl3 solution, IB, Hexane/ i-PrOH = 19/1. Flow rate = 1.0 ml/min, 








7-2. Data of axially chiral biaryl 3-21 
Notice: The yield is total syield of organocatalys mediated domino reaction and aromatization. 
 
(Sa or Ra)-3-(2-bromophenyl)-4-nitro-2-naphthaldehyde (3-21a) 
This compound was isolated as a pale yellow oil  
 Yield (%) er 
One-pot Method A 79 96:4 
One-pot Method B 77 3:97 
Two-pot Method A 49 97:3 
Two-pot Method B 56 2:98 
1H NMR (400 MHz, CDCl3, rt) δ 7.38-7.48 (m, 3H), 7.72-7.79 (m, 2H), 7.82-7.83 (m, 2H), 8.16 
(d, J = 8.0Hz, 1H), 8.71 (s, 1H), 9.76 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 122.2, 124.4, 126.5, 127.8, 128.9, 130.3, 130.7, 130.8, 131.1, 
131.2, 131.7, 132.0, 132.7, 132.9, 189.5 (Theoretically, 17 carbon signals should be observed. But 
there are only 15 signals. The last 2 signals are considered to overlap with the others);  
IR (KBr) 3059, 2858, 1699, 1624, 1531, 1441, 1358, 1269, 1173, 961, 911, 747 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H10BrNNaO3: 377.9742, found: 377.9743.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = 38.5;  
HPLC (Injected as CHCl3 solution, IF, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 210 
nm): t(Sa) = 10.8 min, t(Ra) = 11.7 min. 
 
 
(Sa or Ra)-3-(2-chlorophenyl)-4-nitro-2-naphthaldehyde (3-21b) 
This compound was isolated as a pale yellow oil.  
 Yield (%) er 
One-pot Method A 77 84:16 
One-pot Method B 70 5:95 
Two-pot Method A 55 85:15 
Two-pot Method B 59 1:99 
1H NMR (400 MHz, CDCl3, rt) δ 7.40-7.50 (m, 3H), 7.55 (d, J =8.0 Hz, 1H), 7.74-7.78 (m, 1H), 
7.83-7.84 (m, 2H), 8.17 (d, J = 8.0 Hz, 1H), 8.71 (s, 1H), 9.77 (s, 1H);  
















131.1, 131.7, 132.0, 132.6, 134.3, 189.4 (Theoretically, 17 carbon signals should be observed. But 
there are only 15 signals. The last 2 signals are considered to overlap with the others);  
IR (KBr) 2924, 2854, 1698, 1624, 1532, 1483, 1357, 1265, 1171, 915, 856, 751 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H10ClNNaO3: 334.0247, found: 334.0250.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = 81.3;  
HPLC (Injected as CHCl3 solution, IA, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 210 
nm):  t(Sa) = 10.6 min, t(Ra) = 13.1 min. 
 
 
(Sa or Ra)-3-(2-iodophenyl)-4-nitro-2-naphthaldehyde (3-21c) 
This compound was isolated as a yellow oil.  
 Yield (%) er 
One-pot Method A 81 97:3 
One-pot Method B 71 2:98 
Two-pot Method A 57 97:3 
Two-pot Method B 49 8:92 
H NMR (400 MHz, CDCl3, rt) δ 7.21 (ddd, J = 8.0, 8.0, 0.8 Hz, 1H), 7.40 (dd, J = 8.0, 0.8 Hz, 1H), 
7.50 (ddd, J = 8.0, 8.0, 0.8 Hz, 1H), 7.76-7.78 (m, 1H), 7.83-7.84 (m, 2H), 8.00 (dd, J = 8.0, 0.8 
Hz, 1H), 8.17 (d, J = 8.0 Hz, 1H), 8.73 (s, 1H), 9.75 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 100.1, 122.2, 126.5, 128.5, 128,8, 130.3, 130.4, 130.6, 130.9, 
131.7, 132.0, 132.7, 133.4, 136.7, 139.2, 189.5 (Theoretically, 17 carbon signals should be observed. 
But there are only 16 signals. The last 1 signal is considered to overlap with the others); 
IR (KBr) 3058, 2854, 1698, 1622, 1530, 1440, 1368, 1358, 1269, 1173, 961, 746 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H10INNaO3: 425.9603, found: 425.9604.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = 124.8; 
HPLC (Injected as CHCl3 solution, IA, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 293 












(Sa or Ra)-3-(2-methylphenyl)-4-nitro-2-naphthaldehyde (3-21d) 
This compound was isolated as a blown oil. 
 Yield (%) er 
One-pot Method A 86 97:3 
One-pot Method B 54 7:93 
Two-pot Method A 40 99:1 
Two-pot Method B 23 5:95 
1H NMR (400 MHz, CDCl3, rt) δ 2.11 (s, 3H), 7.27-7.34 (m, 3H), 7.39-7.46 (m, 1H), 7.73-7.76 (s, 
1H), 7.79- 7,82 (m, 2H), 8.16 (d, J = 8.0 Hz, 1H), 8.70 (s, 1H), 9.70 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 20.2, 122.0, 126.1, 126.6, 128.5, 129.7, 129.7, 130.2, 130.3, 
130.7, 131.1, 131.2, 131.6, 131.7, 132.3, 137.3, 190.2 (Theoretically, 18 carbon signals should be 
observed. But there are only 17 signals. The last 1 signal is considered to overlap with the others);  
IR (KBr) 3061, 2923, 2858, 1698, 1623, 1594, 1532, 1492, 1439, 1381, 1367, 1356, 1270, 961 cm-
1;  
HRMS (ESI) [M+Na]+ calculated for C18H13NNaO3: 314.0793, found: 314.0790.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = 113.3;  
HPLC (Injected as CHCl3 solution, IG, Hexane/ i-PrOH = 50/1, flow rate = 1.0 mL/min, λ = 293 
nm):  t(Sa) = 14.5 min, t(Ra) = 24.5 min,  
 
 
(Sa or Ra)-3-(2-isopropyllphenyl)-4-nitro-2-naphthaldehyde (3-21e) 
This compound was isolated as a pale yellow oil  
 Yield (%) er 
One-pot Method A 82 97:3 
One-pot Method B 75 3:97 
Two-pot Method A 73 97:3 
Two-pot Method B 57 4:96 
1H NMR (400 MHz, CDCl3, rt) δ 1.07 (d, J = 6.8 Hz, 3H), 1.20 (d, J = 6.8 Hz, 3H), 2.59, (sep, J = 
7.2 Hz, 1H), 7.22-7.30 (m, 2H), 7.44-7.51 (m, 2H), 7.71-7.84 (m, 3H), 8.16 (d, J = 8.4 Hz, 1H), 
8.70 (s, 1H), 9.72 (s, 1H);  














130.2, 130.3, 130.9, 131.5, 131.66, 131.68, 132.3, 148.2, 190.2;  
IR (KBr) 2963, 1697, 1625, 1533, 1491, 1365, 1268, 1160, 1038, 960, 912, 754 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C20H17NNaO3: 342.1106, found: 342.1106.;  
[α]D
25 (CHCl3, c =1.0, taken for two-pot method B sample) = 50.8;  
HPLC (Injected as CHCl3 solution, IA, Hexane/ i-PrOH = 19/1, flow rate = 1.0 mL/min, λ = 295 
nm): t(Sa) = 5.4 min, t(Ra) = 6.6 min. 
 
(Sa or Ra)-3-(2-trifluoromethylphenyl)-4-nitro-2-naphthaldehyde (3-21f) 
This compound was isolated as a pale yellow oil.  
 Yield (%) er 
One-pot Method A 60 91:9 
One-pot Method B 69 3:97 
Two-pot Method A 65 92:8 
Two-pot Method B 76 4:96 
1H NMR (400 MHz, CDCl3, rt) δ 7.45 (dd, J = 6.0, 2.4 Hz, 1H), 7.64-7.69 (m, 2H), 7.75-7.79 (m, 
1H), 7.82-7.86 (m, 3H), 8.17 (d, J = 8.4 Hz, 1H), 8.69 (s, 1H), 9.71 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 122.3, 123.6 (q, J = 273.2 Hz), 126.3, 126.6 (q, J = 49 Hz), 
128.6, 128.9, 129.83, 129.86, 129.9, 130.1, 130.2, 131.3, 131.8, 131.9, 132.5, 132.7, 189.1 
(Theoretically, 18 carbon signals should be observed. But there are only 17 signals. The last 1 signal 
is considered to overlap with the others);  
IR (KBr) 2359, 1704, 1534, 1315, 1174, 1126, 1036, 750, 484, 449, 419 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C18H10F3NNaO3: 368.0510, found: 368.0507.;  
[α]D
25 (CHCl3, c =0.57, taken for two-pot method B sample) = 18.4;  
HPLC (Injected as CHCl3 solution, IF, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 231 
nm): t(Sa) = 8.6 min, t(Ra) = 9.9 min. 
 
 
(Sa or Ra)-3-(2-nitrophenyl)-4-nitro-2-naphthaldehyde (3-21g) 
This compound was isolated as blown yellow oil. 
 Yield (%) er 
One-pot Method A 70 94:6 
















Two-pot Method A 29 81:19 
Two-pot Method B 41 14:86 
1H NMR (400 MHz, CDCl3, rt) δ 7.37 (dd, J = 6.8, 2.0 Hz, 1H), 7.68-7.87 (m, 5H), 8.18 (d, J = 
8.0 Hz, 1H), 8.33 (dd, J = 7.2, 2.0 Hz, 1H), 8.64 (s, 1H), 9.93 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 122.3, 125.0, 126.4, 128.0, 128.3, 129.0, 130.0, 130.5, 131.21, 
131.29, 132.0, 132.5, 133.7, 136.0, 189.4 (Theoretically, 17 carbon signals should be observed. But 
there are only 15 signals. The last 2 signals are considered to overlap with the others) ;  
IR (KBr) 2960, 2924, 2858, 1702, 1525, 1440, 1347, 1278, 1087, 789, 749, 466 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H10N2NaO5: 345.0487, found: 345.0488.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = 163.2;  
HPLC (Injected as CHCl3 solution, IA, Hexane/ i-PrOH = 19/1, flow rate = 1.0 mL/min, λ = 210 




This compound was isolated as a pale yellow oil. 
 Yield (%) er 
One-pot Method A 81 99:1 
One-pot Method B decompose nd 
Two-pot Method A 56 97:3 
Two-pot Method B decompose nd 
1H NMR (400 MHz, CDCl3, rt) δ -0.08 (s, 9H), 7.27 (d, J = 8.0 Hz, 1H), 7.40-7.49 (m, 2H), 7.67-
7.84 (m, 4H), 8.16 (d, J = 8.4 Hz, 1H), 8.78 (s, 1H), 9.69 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 0.1, 122.0, 126.3, 128.4, 128.5, 128.5, 129.9, 130.3, 130.6, 131.7, 
132.0, 132.2, 133.9, 135.1, 135.9, 141.1, 148.3, 190.2;  
IR (KBr) 3512, 3055, 2956, 2895, 2858, 1697, 1624, 1594, 1531, 1367, 1330, 1251, 1173, 1121, 
1084, 1042, 960, 838, 743, 623, 527, 457 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C20H19NNaO3Si: 372.1032, found: 372.1032.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method A sample) = -40.3;  
HPLC (Injected as CHCl3 solution, IF, Hexane/ i-PrOH = 50/1, flow rate = 1.0 mL/min, λ = 248 








(Sa or Ra)-3-(2-naphthyl)-4-nitro-2-naphthaldehyde (3-21i) 
This compound was isolated as a blown yellow oil. 
 Yield (%) er 
One-pot Method A 73 98:2 
One-pot Method B 68 5:95 
Two-pot Method A 56 97:3 
Two-pot Method B 47 4:96 
1H NMR (400 MHz, CDCl3, rt) δ7.37 (d, J = 8.0 Hz, 1H), 7.44 (dd, J = 8.0, 8.0 Hz, 1H), 7.51-7.61 
(m, 3H), 7.74-7.78 (m, 1H,), 7.83-7.84 (m, 2H), 7.95 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 
8.20 (d, J = 8.0 Hz, 1H), 8.78 (s, 1H), 9.47 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 122.1, 125.1, 125.2, 126.61, 126.64, 127.4, 128.5, 128.6, 128.7, 
130.1, 130.3, 130.6, 130.9, 131.7, 131.9, 132.6, 132.7, 133.2, 149.1, 189.9 (Theoretically, 21 carbon 
signals should be observed. But there are only 20 signals. The last 1 signal is considered to overlap 
with the others);  
IR (KBr) 3054, 2821, 2731, 1678, 1550, 1397, 1359, 1154, 802, 763, 736 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C21H13NNaO3: 350.0793, found: 350.0790.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = -31.7;  
HPLC (Injected as CHCl3 solution, IA, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 278 
nm): t(Sa) = 9.7 min, t(Ra) = 11.3 min. 
 
 
(Sa or Ra) -3-(4-methoxynaphthalen-1-yl)-4-nitro-2-naphthaldehyde (3-21j) 
This compound was isolated as a pale yellow oil.  
 Yield (%) er 
One-pot Method A 63 88:12 
One-pot Method B 39 6:94 
Two-pot Method A 50 95:5 
Two-pot Method B 46 7:93 
1H NMR (400 MHz, CDCl3, rt) δ 4.08 (s, 3H), 6.90 (d, J = 7.6 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 
7.42-7.7.46 (m, 2H), 7.52 (ddd, J = 8.0, 8.0, 1.2 Hz, 1H), 7.76 (ddd, J = 6.0, 6.0, 2.0 Hz, 1H), 7.81-














13C NMR (100 MHz, CDCl3, rt) δ 55.6, 103.1, 120.3, 121.9, 122.6, 124.9, 125.4, 125.9, 126.7, 
127.8, 128.5, 128.8, 130.3, 130.7, 130.8, 131.5, 132.4, 132.4, 133.7, 149.4, 156.8, 190.3;  
IR (KBr) 2962, 1696, 1623, 1586, 1531, 1388, 1239, 1094, 766 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C22H15NNaO4: 380.0899, found: 380.0901.;  
[α]D25 (CHCl3, c =1.0, taken for two-pot method B sample) = -72.7;  
HPLC (Injected as CHCl3 solution, IF, Hexane/i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 209 
nm): t(Sa) = 11.8 min, t(Ra) = 14.8 min. 
 
 
(Sa or Ra)-7-bromo-3-(2-bromophenyl)-4-nitro-2-naphthaldehyde (3-21k) 
This compound was isolated as a pale yellow oil.  
 Yield (%) er 
One-pot Method A 56 72:28 
One-pot Method B 56 3:97 
Two-pot Method A 45 88:12 
Two-pot Method B 54 3:97 
1H NMR (400 MHz, CDCl3, rt) δ 7.36-7.41 (m, 2H), 7.46 (ddd, J = 7.6, 7.6, 0.8 Hz, 1H), 7.67-7.74 
(m, 2H), 7.87 (dd, J = 9.2, 2.0 Hz, 1H), 8.31 (d, J = 2.0 Hz, 1H), 8.60 (s, 1H), 9.74 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 123.2, 123.9, 124.2, 125.0, 127.8, 130.7, 130.9, 131.1, 131.3, 
131.8, 132.0, 132.2, 132.9, 133.6, 134.9, 148.1, 189.0;  
IR (KBr) 3069, 2861, 1701, 1620, 1584, 1532, 1479, 1402, 1263, 1173, 1143, 1077, 1058, 1016, 
963, 906, 855, 822, 748, 671, 451 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H9Br2NNaO3: 455.8847, found: 455.8848.;  
[α]D25 (CHCl3, c =0.65, taken for two-pot method B sample) = 106.8;  
HPLC (Injected as CHCl3 solution, IA, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 256 














(Sa or Ra)-6-bromo-3-(2-bromophenyl)-4-nitro-2-naphthaldehyde (3-21l) 
This compound was isolated as a pale yellow oil.  
 Yield (%) er 
One-pot Method A 87 71:29 
One-pot Method B 78 5:95 
Two-pot Method A 65 88:12 
Two-pot Method B 67 2:98 
1H NMR (400 MHz, CDCl3, rt) δ 7.38-7.42 (m, 2H), 7.47 (dd, J = 7.6, 7.6 Hz, 1H), 7.74 (d, J = 
7.6 Hz, 1H), 7.84 (dd, J = 8.8, 1.6 Hz, 1H), 8.01-8.03 (m, 2H), 8.67 (s, 1H), 9.74 (d, J = 0.4 Hz, 
1H);   
13C NMR (100 MHz, CDCl3, rt) δ 124.2, 124.7, 126.9, 127.3, 127.8, 131.0, 131.1, 131.1, 131.3, 
131.6, 131.7, 132.0, 132.2, 132.6, 132.9, 189.0 (Theoretically, 17 carbon signals should be observed. 
But there are only 16 signals. The last 1 signal is considered to overlap with the others);  
IR (KBr) 3055, 2865, 1698, 1618, 1529, 1473, 1436, 1407, 1365, 1302, 1263, 1168, 1075, 1020, 
895, 862, 808, 780, 745, 672, 540 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H9Br2NNaO3: 455.8847, found: 455.8844;  
[α]D25 (CHCl3, c =1.00, taken for two-pot method B sample) =45.8;  
HPLC (Injected as CHCl3 solution, IF, Hexane/ i-PrOH = 30/1, flow rate = 1.0 mL/min, λ = 257 
nm):  t(Sa) = 12.5 min, t(Ra) = 13.5 min. 
 
 
(Sa or Ra)-6'-bromo-1'-nitro-[1,2'-binaphthalene]-3'-carbaldehyde (3-21m) 
This compound was isolated as a blown oil. 
 Yield (%) er 
One-pot Method A 73 82:18 
One-pot Method B 68 10:90 
Two-pot Method A 82 84:16 
Two-pot Method B 49 13:87 
1H NMR (400MHz, CDCl3) δ 7.31 (d, J = 8.8 Hz, 1H), 7.44 (dd, J = 8.0, 8.0 Hz, 1H), 7.51-7.61 
(m, 3H), 7.85 (dd, J = 8.8, 2.0 Hz, 1H), 7.94-8.02 (m, 3H), 8.07 (d, J = 8.8 Hz, 1H), 8.73 (s, 1H), 


















13C NMR (100MHz, CDCl3) δ 124.6, 125.0, 125.1, 126.7, 126.9, 127.5, 127.6, 128.2, 128.4, 
128.7, 130.3, 130.7, 131.0, 131.7, 131.9, 132.3, 132.5, 132.6, 133.2, 189.6 (Theoretically, 21 
carbon signals should be observed. But there are only 20 signals. The last 1 signal is considered 
to overlap with the others);  
IR (KBr) 3383, 3063, 2869, 1697, 1621, 1585, 1532, 1405, 953, 777, 670, 556 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C21H12BrNNaO3: 427.9898, found: 427.9900;  
[α]D25 (CHCl3, c = 0.50, taken for two-pot method B sample) = -30.3; 
HPLC (injected as CHCl3 solution, IB, Hexane/ i-PrOH = 30/1. Flow rate = 1.0 ml/min, λ = 255 
nm): t(Sa) = 18.5 min, t(Ra) = 13.0 min. 
 
 
(Sa or Ra)-7'-bromo-1'-nitro-[1,2'-binaphthalene]-3'-carbaldehyde (3-21n) 
This compound was isolated as a blown oil. 
 Yield (%) er 
One-pot Method A 76 83:17 
One-pot Method B 84 6:94 
Two-pot Method A 50 89:11 
Two-pot Method B 51 6:94 
 
1H NMR (400MHz, CDCl3) δ 7.32 (d, J = 8.4 Hz, 1H), 7.44 (dd, J = 8.0, 8.0 Hz, 1H), 7.51-7.60 
(m, 3H), 7.70 (d, J = 8.8 Hz, 1H), 7.90 (dd, J = 9.2, 2.0 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 8.02 
(d, J = 8.0 Hz, 1H), 8.37 (d, J = 2.0 Hz, 1H), 8.67 (s, 1H), 9.44 (s, 1H);  
13C NMR (100MHz, CDCl3) δ 123.1, 123.8, 125.0, 125.1, 125.2, 126.7, 127.6, 128.2, 128.4, 
128.7, 129.7, 130.3, 131.0, 132.1, 132.5, 133.0, 133.2, 133.5, 134.9, 189.5 (Theoretically, 21 
carbon signals should be observed. But there are only 20 signals. The last 1 signal is considered 
to overlap with the others);  
IR (KBr) 3055, 2925, 2854, 1697, 1615, 1532, 1441, 1366, 1262, 1163, 1092, 893, 801, 778 cm-
1;  
HRMS (ESI) [M+Na]+ calculated for C21H12BrNNaO3: 427.9898, found: 427.9895;  
[α]D25 (CHCl3, c = 0.50, taken for two-pot method B sample) = -99.6; 
HPLC (injected as CHCl3 solution, IB, Hexane/ i-PrOH = 30/1. Flow rate = 1.0 ml/min, λ = 332 











7-3. Data of halogenated intermediates 
 
(3R,4S)-3-(2-bromophenyl)-4-bromo-4-nitro-3,4-dihydronaphthalene-2-carbaldehyde (3-20) 
This compound was isolated as a pale yellow oil in quantitative yield. 
1H NMR (400 MHz, CDCl3, rt) δ 5.92 (s, 1H), 6.77 (dd, J = 7.6, 1.6 Hz, 1H), 6.98 (dd, J = 6.0, 6.0 
Hz, 1H), 7.05 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 7.26-7.30 (m, 2H), 7.53-7.56 (m, 3H), 7.61 (s, 1H), 
9.72 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 51.1, 99.7, 125.9, 127.4, 127.5, 128.5, 129.3, 130.2, 130.3, 130.9, 
132.5, 133.1, 133.7, 134.3, 138.6, 142.0, 189.9; 
IR (KBr) 3059, 2821, 1681, 1636, 1558, 1468, 1332, 1154, 1108, 1025, 904, 752, 517, 481 cm-1;  
HRMS (ESI) [M+Na]+ calculated for C17H11Br2NNaO3: 457.9003, found: 457.8997; 
[α]D25 (CHCl3, c =1.10) = -908. 
 
(3R,4S)-3-(2-bromophenyl)-4-iodo-4-nitro-3,4-dihydronaphthalene-2-carbaldehyde (3-26) 
This compound was almost pure compound as pale yellow oil (the accurate yield is unclear 
because of unstability of it). 
1H NMR (400 MHz, CDCl3, rt) δ 6.39 (s, 1H), 6.44 (dd, J = 7.6, 1.2 Hz, 1H), 6.91 (dd, J = 7.6, 7.6 
Hz, 1H), 7.09 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 7.44-7.46 (m, 2H), 7.60-7.67 (m, 3H), 8.04 (dd, J = 
8.8, 2.0 Hz, 1H), 9.51 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 48.0, 82.2, 127.4, 127.6, 129.6, 130.1, 130.3, 130.7, 132.3, 132.6, 
133.8, 136.6, 139.1, 140.4, 131.9, 189.4 (Theoretically, 17 carbon signals should be observed. But 
there are only 16 signals. The last 1 signal is considered to overlap with the others);  
IR (KBr) 2967, 2818, 1682, 1553, 1469, 1329, 1269, 1154, 1105, 1026, 908, 732 cm-1; 
HRMS (ESI) [M+Na]+ calculated for C17H11BrINNaO3: 505.8865, found: 505.8863; 
 
7-4. Data of functional group modificated biaryls 
 
(3-(2-bromophenyl)-4-nitronaphthalen-2-yl)methanol (3-23) 
1H NMR (400 MHz, CDCl3, rt) δ 4.44 (d, J = 14.4 Hz, 1H), 4.58 (d, J = 14.4 Hz, 1H), 7.24-7.31 
(m, 2H), 7.37 (ddd, J = 7.6, 7.6, 1.2 Hz, 1H), 7.60-7.67 (m, 3H), 7.74 (m, 1H), 7.94 (m, 1H), 8.20 














13C NMR (100 MHz, CDCl3, rt) δ 62.6, 121.8, 123.4, 123.8, 127.7, 127.9, 127.9, 128.1, 128.6, 
129.2, 130.6, 130.9, 132.9, 133.4, 134.5, 136.8 (Theoretically, 17 carbon signals should be observed. 
But there are only 16 signals. The last 1 signal is considered to overlap with the others);  
IR (KBr) 3388, 3061, 2931, 1529, 1480, 1376, 1268, 1068, 908, 736, 649 cm-1.; 
HRMS (ESI) [M+Na]+ calculated for C17H12BrNNaO3: 379.9898, found: 379.9900; 
[α]D25 (CHCl3, c = 0.50) = 27.7; 
HPLC analysis (injected as CHCl3 solution, IF, Hexane/i-PrOH = 9/1. Flow rate = 1.0 ml/min, λ 
= 267 nm): t(major) = 9.94 min, t(minor) = 9.42 min. 94% ee 
 
 
3-(2-bromophenyl)-4-nitro-2-naphthoic acid (3-22) 
1H NMR (400 MHz, d6-acetone, rt) δ 7.34-7.46 (m ,3H), 7.67 (dd, J = 8.0, 1.2 Hz, 1H), 7.78 (dd, 
J = 8.0, 1.2 Hz, 1H), 7.86-7.95 (m, 2H), 8.37 (d, J = 8.0 Hz, 1H), 8.96 (s, 1H) ;  
13C NMR (100 MHz, d6-acetone, rt) δ 122.3, 124.5, 126.1, 128.0, 129.2, 129.7, 130.5, 130.6, 131.0, 
131.5, 132.2, 132.9, 133.5, 134.6, 136.9, 166.0 206.3;  
IR (KBr) 3437, 3060, 2922, 1698, 1566, 1536, 1481, 1453, 1374, 1356, 1295, 1215, 1154, 1029, 
922, 849, 797, 753, 732, 671, 604 cm-1.; 
HRMS (ESI) [M+Na]+ calculated for C17H10BrNNaO4: 393.9691, found: 393.9692; 
[α]D25 (CHCl3, c = 0.50) = 74.3; 
 
 
Methyl 3-(2-bromophenyl)-4-nitro-2-naphthalate (3-22’) 
1H NMR (400 MHz, CDCl3, rt) δ 3.74 (s, 3H), 7.28-7.33 (m, 2H), 7.40 (ddd, J = 8.0, 8.0, 1.2 Hz, 
1H), 7.66 (dd, J = 7.6, 0.8 Hz, 1H), 7.70-7.78 (m, 3H), 8.80 (d, J =8,0 Hz, 1H), 8.77 (s, 1H);  
13C NMR (100 MHz, CDCl3, rt) δ 52.6, 122.0, 123.7, 125.7, 127.6, 127.1, 128.6, 129.3, 129.8, 
130.1, 130.2, 131.0, 132.2, 132.4, 133.7, 135.7, 165.4 (Theoretically, 18 carbon signals should be 
observed. But there are only 17 signals. The last 1 signal is considered to overlap with the others);  
IR (KBr) 3063, 2950, 1732, 1532, 1481, 1447, 1375, 1333, 1287, 1236, 1213, 1146, 1112, 1055, 
1028, 795, 741, 675 cm-1.; 
HRMS (ESI) [M+Na]+ calculated for C18H12BrNNaO4: 407.9847, found: 407.9850; 
[α]D25 (CHCl3, c = 0.50) = 99.2; 
HPLC analysis (injected as CHCl3 solution, IG, Hexane/i-PrOH = 19/1. Flow rate = 1.0 ml/min, 











1H NMR (400 MHz, CDCl3, rt) δ 4.40 (d, J = 13.2 Hz, 1H), 4.47 (d, J = 13.2 Hz, 1H), 7.30-7.36 
(m, 2H), 7.45-7.53 (m ,4H), 7.78 (dd, J = 8.0, 1.2 Hz, 1H), 7.82-7.87 (m, 2H);  
13C NMR (100 MHz, CDCl3, rt) δ 63.4, 116.2, 120.0, 120.1, 122.8, 124.9, 125.0, 126.1, 128.2, 
128.5, 129.6, 132.2, 133.2, 133.7, 137.0, 137.6, 138.8;  
IR (KBr) 3378, 3056, 2925, 2854, 1618, 1500, 1475, 1401, 1060, 1023, 978, 869, 746, 648 cm-1.; 
HRMS (ESI) [M+H]+ calculated for C17H15BrNO: 328.0337, found: 328.0339; 
[α]D25 (CHCl3, c = 0.50) = -93.6; 
HPLC analysis (injected as CHCl3 solution, IG, Hexane/i-PrOH = 9/1. Flow rate = 1.0 ml/min, 






Chapter 4. 固相担持型 diphenylprolinol alkyl etherの開発とその活性評価 
1. Preparation of the monomer catalysts 4-5 
 
To the solution of compound 4-17 (100 mg, 0.27 mmol) in DMF (0.54 mL) was added sodium 
hydride (64 mg, 2.7 mmol, 10 eq.) at 0 ℃. After stirring for 30 min, tetrabuthylammonium iodide 
(24.6 mg, 0.07 mmol, 0.026 eq.) and benzyl bromide (95 ml, 2.7 mmol, 10 eq.) were added and the 
mixture was stirred for 7 h at 50 ℃. Water was added to the reaction mixture at 0 ℃ to quench the 
reaction and organic materials were extracted three times with EtOAc and the combined organic 
layer was dried over Na2SO4, then concentrated in vacuo. Obtained crude mixture was used in the 
next reaction without further purification. 
 To the solution of crude material in 1,2-dichloroethane / H2O (13.5 mL / 0.7 mL) was added 
DDQ (334 mg, 1.5 mmol, 2.0 eq.) at 0 ℃. After stirring for 7 h at ambient temperature, saturated 
aqueous of NaHCO3 was added at 0 ℃ to quench the reaction. The organic materials were extracted 
three times with EtOAc and the combined organic layer was dried over Na2SO4, then, concentrated 
in vacuo. The Obtained crude mixture was purified with silica gel column chromatography (eluted 
by MeOH/CHCl3 = 1/10 + 1.5% NEt3). The target material 4-5c was obtained as a brown oil. Yield 
was 38% over 2 steps. 
 
 
To the solution of compound 4-17 (100 mg, 0.27 mmol) in DMF (0.54 mL) was added sodium 
hydride (64 mg, 2.7 mmol, 10 eq.) at 0 ℃. After stirring for 30 min, tetrabuthylammonium iodide 
(24.6 mg, 0.07 mmol, 0.026 eq.) and 2-bromomethylnaphthalene (593 mg, 2.7 mmol, 10 eq.) was 
added and stirred for 24 h at 50 ℃. Water was added to the reaction mixture at 0 ℃ to quench the 
reaction and the organic materials was extracted with EtOAc three times and the organic layer was 
dried over Na2SO4, then, concentrated in vacuo. The obtained crude mixture was used in the next 
reaction without further purification. 
 To the solution of crude material in 1,2-dichloroethane / H2O (13.5 mL / 0.7 mL) was added 
DDQ (334 mg, 1.5 mmol, 2.0 eq.) at 0 ℃. After stirring for 7 h at ambient temperature, saturated 




















































with EtOAc and the organic layer was dried over Na2SO4, then, concentrated in vacuo. The obtained 
crude mixture was purified with silica gel column chromatography (eluted by MeOH/CHCl3 =1/10 
+ 1.5% NEt3). The target material 4-5d was obtained as a yellow oil. Yield was 54% in 2 steps. 
 
 
To the solution of compound 4-17 in DMF (0.54 mL) was added sodium hydride (64 mg, 2.7 
mmol, 10 eq.) at 0 ℃. After stirring for 30 min, tetrabuthylammonium iodide (24.6 mg, 0.07 mmol, 
0.026 eq.) and 2-bromomethylnaphthalene (593 mg, 2.7 mmol, 10 eq.) were added and the mixture 
was stirred for 48 h at 70℃. Water was added to the reaction mixture at 0 ℃ to quench the reaction 
and the organic materials were extracted three times with EtOAc and the organic layer was dried 
over Na2SO4, then, concentrated in vacuo. The obtained crude mixture was used in the next reaction 
without further purification. 
 To the solution of the crude material in 1,2-dichloroethane / H2O (13.5 mL / 0.7 mL) was added 
DDQ (334 mg, 1.5 mmol, 2.0 eq.) at 0 ℃. After stirring for 24 h at ambient temperature, saturated 
aqueous of NaHCO3 was added at 0 ℃ to quench the reaction. The mixture was extracted three times 
with EtOAc and the organic layer was dried over Na2SO4, then, concentrated in vacuo. The obtained 
crude mixture was purified with silica gel column chromatography (eluted by MeOH/CHCl3 = 1/10 
+ 1.5% NEt3). The target material 4-5b was obtained as a clear crystal. Yield was 33% in 2 steps. 
 
2. Preparation of the polymer catalysts 
 
The synthesis of polymer catalyst  
 
To a solution of compound 4-22 (2.5 g, 4.97 mmol) in DMF (10 mL) was added Sodium hydride 
(992 mg, 24.8 mmol, 5 eq.) at 0 ˚C. After stirring for 1 h, 9-methylanthracenebromide (2.7 g, 9.94 
mmol, 2 eq.) was added in a single portion. The mixture was stirred for 2 h, then diluted with CH2Cl2 
and quenched by pouring into ice. The organic layer was extracted three times with CH2Cl2. The 
organic layers were washed with brine, dried with Na2SO4, and concentrated in vacuo after filtration. 












































To the solution of 4-23 (crdude mixture, 0.288 mmol) in THF (2.9 mL)  was added 
tetrabuthylammonium fluoride (1.0 M, 57 ml, 0.576 mmol, 2.0 eq.) and the resulting mixture was 
stirred for 14 h at ambient temperature. After confirming the completion of the reaction by TLC, the 
reaction was quenched with saturated aqueous NH4Cl. The organic materials were extracted three 
times with EtOAc, washed with brine, dried over Na2SO4, and concentrated in vacuo. Purification 
by flash column chromatography (eluted by Hex/EA = 7:1 → 3:1) gave compound 4-24 as an 
amorphous yellow solid in 76% yield in 2 steps. 
 
 
To the solution of 4-24 (860 mg, 1.48 mmol) in DMF (3.0 mL) was added Sodium hydride 
(60%wt, 178 mg, 4.45 mmol, 3 eq.) at 0 ℃. After stirring for 30 min at 0 ℃, allyl bromide (627 ml, 
7.42 mmol, 5.0 eq.) was added to the reaction mixture and it was stirred for an additional 2 h. The 
reaction was quenched with saturated aqueous NH4Cl. The organic materials were extracted three 
times with EtOAc, washed with brine, dried over Na2SO4, and concentrated in vacuo. Purification 
by flash column chromatography (eluted by Hex/EA = 10:1) gave compound 4-28 as an amorphous 
yellow solid in 90% yield. 
 
 
Borane-THF complex (0.9 M, 1.61 mL, 1.45 mmol, 3.0 eq.) and THF (1 mL) were mixed in a 
flask which dried and replaced with Ar gas, then the solution was stirred for 20 min at 0 ℃. 2-methyl-
2-butene (0.31 mL, 2.9 mmol, 6.0 eq.) was added to the solution over 20 min via syringe. After 




























































min and the reaction mixture was stirred for 2 h. Then, NaOH (484 mg, 12.1 mmol), H2O2 (742 ml, 
7.26 mmol), and H2O (3.2 mL) were added to the reaction mixture and the mixture was stirred for 2 
h vigorously. The organic layers were extracted three times with EtOAc, washed with brine, dried 
over Na2SO4, and concentrated in vacuo. Purification by flash column chromatography (eluted by 
Hex/EA = 1.5:1) gave compound 4-29 as an amorphous yellow solid in 85% yield.  
 
 
To the solution of 4-29 (200 mg, 0.31 mmol) in pyridine (1.0 mL) was added p-Toluenesulfonyl 
chloride (179 mg, 0.94 mmol, 3.0 eq.) at 0 ℃ and stirred for 2 h. The reaction mixture was poured 
to ice, then the organic materials were extracted three times with CH2Cl2, washed with saturated 
NaHCO3 aq. and brine, dried over Na2SO4, and concentrated in vacuo. The crude mixture was used 
in the next reaction without further purification. To the solution of a crude material in DMF (3.0 mL) 
was added sodium azide (61.2 mg, 0.94 mmol, 3.0 eq.) and the mixture was stirred for 1 h at 50 ℃. 
The mixture was cooled to ambient temperature, then the organic materials were extracted three 
times with EtOAc, washed with brine, dried over Na2SO4, and concentrated in vacuo. Purification 
by flash column chromatography (eluted by Hex/EA = 5:1) gave compound 4-30 as an amorphous 
yellow solid in 79% in 2 steps. 
 
 
To the solution of 4-30 (497 mg, 0.75 mmol) in CH2Cl2 / H2O (6.0 mL/ 1.5 mL) was added 2,3-
dichloro-5,6-dicyano-p-benzoquinone (334 mg, 1.5 mmol, 2.0 eq.) at 0 ℃. After stirring for 1 h at 
0 ℃, saturated aqueous of NaHCO3 was added to quench the reaction. The organic materials were 
extracted three times with EtOAc and the organic layer was dried over Na2SO4, then, concentrated 
in vacuo. The obtained crude mixture was purified with silica gel column chromatography (eluted 












































The solution of 4-32 (300mg, 0.05 mmol of alkyne moiety was contained), 4-31 (240 mg, 0.10 
mmol, 2.0 eq.), CuSO4∙5H2O (1.25 mg, 0.005 mmol, 0.1 eq.), sodium ascorbate (9.9 mg, 0.05 mmol, 
1.0 eq.) in DMF/THF (1:1, 10 ml) was stirred at 90 ˚C for 4 h. After cooling, 10 ml of H2O was 
added and organic materials were extracted by CH2Cl2 for 3 times. The combined organic layer was 
washed by brine, dried over Na2SO4 and concentrated in vacuo after filtration. The obtained crude 
material was dissolved in 5 ml of toluene and the solution was poured to 100 ml MeOH. The fiber 
type solid was appeared. The slurry was centrifuged and removed MeOH. The residue was washed 
by MeOH, centrifuged and removed MeOH 2 time. The resulting solid was dried in vacuo and 249 
mg of 4-33 was obtained (77% yield). 
 
 
To a solution of quinoxaline monomer with alkyne (40 mg, 0.1 mmol), Copper (Ⅱ) sulfate 
pentahydrate (1.25 mg, 0.005 mmol, 0.05 eq.) and sodium ascorbate (2.0 mg, 0.01 mmol, 0.1 eq.) in 
DMF (625 ml) was added 4-31 (59.7 mg, 0.11 mmol, 1.1 eq.) and stirred at 80 ˚C for 1 h. After 
cooling to ambient temperature, 1.0 ml of H2O was added and organic materials were extracted by 
CH2Cl2 for 3 times. The combined organic layer was dried over Na2SO4 and concentrated in vacuo 
after filtration. The crude material was purified by flash column chromatography (eluted by CH2Cl2 
only to CH2Cl2/AcOEt = 1:4) and 70 mg of 4-5f was obtained (75% yield). 
CuSO4•5H2O






































































To the solution of 4-31 (70 mg, 0.13 mmol) in DMF (0.81 mL) were added Copper (Ⅱ) sulfate 
pentahydrate (1.6 mg, 0.05 eq.) and Sodium ascorbate (2.6 mg, 0.1 eq.) and heated to 80℃. 
Phenylacetylene (17 ml, 0.14 mmol, 1.1 eq.) was added to the mixture and the mixture was stirred 
for 1 h at 80℃. After cooled to room temperature, the reaction was quenched with water. The organic 
materials were extracted three times with EtOAc, washed three times with brine, dried over Na2SO4, 
and concentrated in vacuo. Purification by flash column chromatography (eluted by Hex/EA = 1:3) 
gave compound 4-5e as an amorphous yellow solid in 76% yield.  
 
 
To the solution of 4-24 (110 mg, 0.19 mmol ) in DMF (0.31 mL) was added sodium hydride 
(60%wt, 46 mg, 1.1 mmol, 6.0 eq.). After stirring for 30 min at 0 ℃, the solution of styrene derivative 
A (136 mg, 0.57 mmol, 3.0 eq.) in DMF (0.31 mL) was added to the reaction mixture and it was 
stirred 2 h. The reaction was quenched with saturated aqueous NH4Cl. The organic materials were 
extracted three times with EtOAc, washed with brine, dried over Na2SO4, and concentrated in vacuo. 
Purification by flash column chromatography (eluted; by Hex/EA = 10:1) gave compound 4-34 as 
an amorphous yellow solid in 90% yield. 
 
 
To the solution of 4-34 (750 mg, 1.02 mmol) in CH2Cl2 / H2O (8.0 mL / 2.0 mL) was added 2,3-
dichloro-5,6-dicyano-p-benzoquinone (463 mg, 2.04 mmol, 2.0 eq.) at 0℃. After stirring for 1 h at 
0 ℃, saturated aqueous of NaHCO3 was added to quench the reaction. The mixture was extracted 

































































vacuo. The obtained crude mixture was purified by silica gel column chromatography (eluted by 
Hex/EA = 2:1). A target material 4-35 was obtained as an amorphous yellow solid in 74% yield. 
 
 
Divinylbenzene (21 mg, 0.14 mmol, 0.1 eq.), styrene (569 mg, 5.46 mmol, 3.9 eq.), 4-35 (865 
mg, 1.4 mmol), and AIBN (46 mg, 0.28 mmol, 0.2 eq.) were added to a test tube with DMF (1.4 
mL). After freezing and degassing the solution three times, the test tube was sealed by with a gas 
burner. The sealed reaction mixture was stirred for 41 h at 70 ℃, then the gel product was removed 
from the sealed tube. The gel was washed three times with THF, dried in vacuo overnight. The 
product 4-36 can be obtained as an orange gel in 51% yield. 
 
 
To the solution of 4-24 (860 mg, 1.48 mmol) in DMF (5.0 mL) was added sodium hydride 
(60%wt, 300 mg, 7.5 mmol, 3.0 eq.). After stirring for 30 min at 0 ℃, propargyl bromide (820 ml, 
7.5 mmol, 3.0 eq.) was added to the reaction mixture and it was stirred 2 h at 0 ℃. The reaction was 
quenched with saturated aqueous NH4Cl. The organic materials were extracted three times with 
EtOAc, washed with brine, dried over Na2SO4, and concentrated in vacuo. Purification by flash 
column chromatography (eluted by Hex/EA = 5:1) gave compound 4-41 as an amorphous yellow 
solid in 58% yield. 
 
AIBN
























propargyl bromide (3.0 eq.)
DMF (0.5 M)










To the solution of 4-41 (627 mg, 1.01 mmol) in CH2Cl2 / H2O was added 2,3-dichloro-5,6-
dicyano-p-benzoquinone (458 mg, 2.02 mmol, 2.0 eq.) at 0 ℃. After stirring for 1 h at 0 ℃, saturated 
aqueous of NaHCO3 was added to quench the reaction. The mixture was extracted three times with 
EtOAc and the organic layer was dried over Na2SO4, then, concentrated in vacuo. The obtained crude 
mixture was purified with silica gel column chromatography (eluted by Hex/EA = 2:1). A target 
material 4-42 was obtained as an amorphous yellow solid in 73% yield. 
 
 
Compound 4-42 (373 mg, 0.75 mmol, 1.5 eq.), Polystyrene-polyethylene glycol azide (0.285 
mmol/g, 1.77g, 0.5 mmol), and copper iodide (9.5 mg, 0.05 mmol, 0.1 eq.) were added to a reservoir 
followed by DMF/THF 1:1 and  diisopropylethylamine (850 ml, 5.0 mmol, 10 eq.). the mixture 
was shaken for 16 h at 40 ℃. After shaking, the polymer resin was washed with THF×3, H2O×3, 
THF×2, THF/MeOH 1:1 ×2, MeOH×2, and THF×3. The polymer catalyst 4-43 which was dried in 
vacuo overnight could be obtained as yellow-brown solid in 96% yield. 
 
Preparation for PS-PEG resin 
 
TentaGel® S Br (0.28 mmol/g, 2.0 g) and Sodium azide (182 mg, 2.8 mmol, 5.0 eq.) were added 
to a reservoir which was replaced with argon gas followed by addition of DMSO (16 mL). The 
mixture was shaken for 24 h, then the polymer resin was washed with water × 3, THF × 3, MeOH-


















































obtained in 95% yield. 
 
3. The investigation of the reactivitiy of the catalysts 
General procedure of nitro Michael reaction with monomer catalyst 
 
To a mixture of catalyst (0.024 mmol, 5 mol%), electrophilic nitrostyrene 4-6 (0.48 mmol), and 
additive (0.024 mmol, 5 mol%) in toluene (0.48 mL) was added nucleophilic aldehyde 4-7 (0.72 
mmol, 1.5 eq.) at ambient temperature. After confirmed the completion of the reaction, saturated 
NaHCO3 aq. was added to quench the reaction. The organic materials were extracted three times with 
EtOAc (5 mL × 3), dried over Na2SO4, and concentrated in vacuo. Purification by flash column 
chromatography (eluted by Hex/EA = 7:1) gave a target material. 
 
The reactivity of polymer catalyst 4-33 
 
To the solution of 4-7 (0.75 mmol), 4-6 (0.50 mmol) and p-nitrophenol (0.025 mmol) in toluene 
(500 ml) was added polymer catalyst 4-33 (0.025 mmol) and stirred at ambient temperature for 4 h. 
To quench the reaction, 7ml of MeOH was added and the precipitated catalyst was removed by 
filtration. A resulted mixture was washed by brine and concentrated in vacuo after drying over 
Na2SO4 and filtration. The crude material was purified with flash column chromatography and the 
target material was obtained. 
 
The reactivity of polymer catalyst 4-36 or 4-43 
 
 To a mixture of polymer catalyst 4-36 or 4-43 (0.05 eq.), nitrostylene (72 mg, 0.48 mmol) and 
p-nitrophenol (3.4 mg, 0.05 eq.) in solvent (1.0 M) was added propanal (52 ml, 0.72 mmol) and the 
mixture was stirred for the showed time in table 3 at ambient temperature. The reaction was quenched 
by saturated aqueous NaHCO3 and the mixture was filtered and polymer resin was washed with 
CH2Cl2 × 5. The organic materials were extracted three times with EtOAc × 3, dried over Na2SO4, 
and concentrated in vacuo. The crude material was purified with flash column chromatography 






















catalyst 4-33 (5 mol%)
additive (5 mol%)
toluene (1 M)
























Substrate Scope with polymer catalyst 17c 
 
To a mixture of 4-43 (0.279 mmol/g, 87 mg, 5 mol%), nitroalkene 4-6 (0.48 mmol), and 9-
anthracenecarboxylic acid (5.4 mg, 5 mol%) in H2O (0.48 mL) was added aldehyde 4-7 (0.72 mmol, 
1.5 eq.) at ambient temperature and the mixture was shaken with voltex mixer for the indicated time 
in table 5. The mixture was filtered and polymer resin was washed with THF × 10 (polymer catalyst 
can be reused after further washing with 10% NEt3 in THF×3 and THF×5, and dried in vacuo). The 
filtrate was evaporated to remove excessive THF and the solvent was replaced with CH2Cl2. Wittig 
reagent c was added to the solution and the mixture was stirred for 1 h. After quenching the reaction 
with saturated NaHCO3 aq., the organic materials were extracted three times with EtOAc × 3, dried 
over Na2SO4, and concentrated in vacuo. Purification by flash column chromatography (eluted by 
Hex/EA = 7:1) gave a target compound. 
 




1H NMR (400MHz, CDCl3) δ 1.01-1.15 (m, 1H), 1.55-1.65 (m, 1H), 1.70-1.86 (m, 2H), 1.95-2.08 
(m, 1H), 2.55-2.62 (m, 1H), 2.77-2.85 (m, 1H), 4.54 (dd, J = 7.6, 7,6 Hz, 1H), 5.17 (d, J = 10.4 Hz, 
1H), 5.31 (d, J = 10.4 Hz, 1H), 7.30-7.46 (m, 10H), 7.50-7.56 (m, 4H), 7.99 (dd, J = 11.0, 2.4 Hz, 4H), 
8.42 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 25.6, 27.9, 47.1, 57.9, 61.8, 85.9, 124.8, 124.9, 125.7, 127.4, 127.4, 
127.5, 127.7, 128.0, 128.8, 129.5, 129.6, 129.8, 130.9, 131.5 142.5, 123.2 
IR (KBr) 706, 735, 760, 891, 913, 1026, 1065, 1443, 1498, 2870, 2956, 3033, 3051 cm-1 
HRMS [ESI]: [M+H]+ calcd for C32H29NOH: 444.2327, found for 444.2327 








catalyst 4-43 (5 mol%)
9-anthracenecarboxylic acid (5 mol%)
















1H NMR (400MHz, CDCl3) δ 1.10-1.20 (m, 1H), 1.78-1.90 (m, 1H), 1.96-2.08 (m, 1H), 2.27-2.38 
(m, 1H), 2.58-2.67 (m, 1H), 3.20-3.30 (m, 1H), 4.13 (d, J = 12.0 Hz, 1H), 4.36 (d, J = 12.0 Hz, 1H), 
4.99 (dd, J = 8.4, 6.0 Hz, 1H), 7.14-7.26 (m, 5H), 7.33-7.45 (m, 10H) 
13C NMR (100MHz, CDCl3) δ 24.2, 27.4, 46.1, 61.6, 65.1, 84.0, 126.7, 127.1, 127.9, 128.0, 128.2, 
128.2, 128.4, 128.6, 137.1, 138.9, 139.4 
 The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 407, 438, 669, 757, 929, 1047, 1216, 2400, 3020 cm-1 
HRMS [ESI]: [M+H]+ calcd for C24H25NOH: 344.2014, found for 322.2017 




1H NMR (400MHz, CDCl3) δ 1.09-1.19 (m, 1H), 1.53-1.67 (m, 1H), 1.75-1.86 (m, 1H), 1.93-2.06 
(m, 2H), 2.57-2.65 (m, 1H), 2.79-2.89 (m, 1H), 4.40 (d, J =12.0 Hz, 1H), 4.52 (d, J = 12.0 Hz, 1H), 
7.26-7.55 (m, 13H), 7.75-7.84 (m, 4H) 
13C NMR (100MHz, CDCl3) δ 25.3, 27.6, 47.0, 62.5, 65.4, 85.3, 125.5, 125.6, 125.6, 125.9, 127.4, 
127.5, 127.5, 127.6, 127.7, 127.8, 127.8, 128.8, 129.1, 132.7, 133.3, 136.5  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 474, 702, 753, 816, 854, 893, 1073, 1445, 1492, 1601, 2925, 3056 cm-1 
HRMS [ESI]: [M+H]+ calcd for C28H27NOH: 394.2171 found for 394.2171 























2.11 (dd, J = 6.4, 8.8 Hz, 1H), 2.37 (dd, J = 5.6, 7.2 Hz, 1H), 2.937 (dddd, J = 6.4, 6.4, 6.4, 6.4 Hz, 
1H), 3.46 (d, J = 12.4 Hz, 1H), 3.75 (s, 3H), 4.00 (d, J = 12.8 Hz, 1H), 4.31 (t, J = 6.4 Hz, 1H), 4.96 
(d, J = 11 Hz, 1H), 5.01 (d, J = 11 Hz, 1H積分の切り⽅), 6.60 (d, J = 8.4 Hz, 2H), 6.77 (d, J = 8.8 
Hz, 2H), 7.36-7.50 (m, 10H), 7.85 (t, J = 5.6 Hz, 4H), 7.97 (d, J = 8.8 Hz, 2H), 8.02 (d, J = 8.8 Hz, 
2H), 8.40 (s, 1H) 
13C NMR (100MHz, CDCl3) δ -5.1, -5.0, 17.9, 25.8, 38.0, 55.1, 58.6, 60.9, 61.7, 69.4, 70.6, 88.4, 
113.1, 124.7, 125.0, 125.5, 127.3, 127.4, 127.5, 127.9, 128.8, 129.8, 130.1, 130.6, 130.7, 130.9, 131.5, 
132.8, 139.5, 157.9  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 644, 706, 739, 768, 840, 909, 1037, 1105, 1131, 1174, 1244, 1306, 1345, 1386, 1443, 1466, 
1513, 1611, 2851, 2891, 2931, 2952, 3059 cm-1 
HRMS [ESI]: [M+H]+ calcd for C46H51NO3SiH: 694.3716, found for 694.3716 




1H NMR (400MHz, CDCl3) δ 1.82-1.98 (m, 2H), 2.19 (dd, J = 10.0, 5.2 Hz, 1H), 2.47 (dd, J = 10.0, 
5.2 Hz, 1H), 3.29 (dddd, J = 5.6, 5.6, 5.6, 5.6, Hz, 1H), 3.49 (d, J = 12.8 Hz, 1H), 3.75 (s, 3H), 4.03 
(d, J = 13.2 Hz, 1H), 4.35 (dd, J = 5.6, 8.8 Hz, 1H), 4.97 (d, J = 10.8 Hz, 1H), 5.01 (d, J = 10.8 Hz, 
1H), 6.63 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 7.37-7.49 (m, 10H), 7.83 (d, J = 6.4 Hz, 2H), 
7.88 (d, J = 7.2 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 8.03 (d, J = 8.8 Hz, 2H), 8.40 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 38.1, 55.1, 58.7, 61.0, 61.4, 69.6, 70.6, 88.4, 113.1, 124.7, 125.0, 
125.5, 127.3, 127.5, 127.5, 127.5, 127.9, 128.8, 129.7, 130.0, 130.5, 130.6, 130.7, 131.4, 132.5, 139.5, 
157.9  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region 
IR (KBr) 709, 727, 760, 883, 913, 1029, 1174, 1240, 1298, 1338, 1443, 1509, 1607, 2833, 2934, 3011, 
3047 cm-1 
HRMS [ESI]: [M+Na]+ calcd for C40H37NO3Na: 602.2071, found for 602.2070 












1H NMR (400MHz, CDCl3) δ 1.95 (dd, J = 6.8, 6.8 Hz, 2H), 2.24 (dd, J = 10.0, 5.6 Hz, 1H), 2.36 
(dd, J = 10.0, 5.2 Hz, 1H), 2.90 (dddd, J = 5.6, 5.6, 5.6, 5.6 Hz, 1H), 3.46 (d, J = 12.8 Hz, 1H), 3.62 
(dd, J = 5.6, 1.6 Hz, 2H), 3.75 (s, 3H), 4.01 (d, J = 12.8 Hz, 1H), 4.32 (t, J = 7.2 Hz, 1H), 4.99 (s, 2H), 
5.03 (dd, J = 10.4, 1.2 Hz, 1H), 5.09 (dd, J = 17.2, 1.2 Hz, 1H), 5.71 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 
6.62 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 7.35-7.48 (m, 10H), 7.80 (d, J = 6.8 Hz, 2H), 7.85 
(d, J = 6.8 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 8.03 (d, J = 8.4Hz, 2H), 8.40 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 35.3, 55.1, 57.8, 58.7, 61.4, 69.6, 70.0, 77.4, 88.3, 113.1, 116.5, 124.7, 
125.0, 125.6, 127.4, 127.4, 127.5, 127.9, 128.8, 129.7, 130.0, 130.6, 130.6, 130.7, 131.5, 132.7, 134.8, 
139.6, 158.0  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 702, 739, 768, 1033, 1244, 1443, 1509, 1614, 2905, 3050 cm-1 
HRMS [ESI]: [M+H]+ calcd for C43H41NO3H: 620.3165, found: 620.3157 
[α]D





Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.63 (tt, J = 6.0, 6.0 Hz, 2H), 1.86-2.00 (m, 2H), 2.20 (dd, J = 6.0, 10.0 
Hz, 1H), 2.23 (br, 1H), 2.40 (dd, J = 5.2, 10.0 Hz, 1H), 2.79-2.87 (m, 1H), 3.19-3.28 (m, 2H), 3.42 (d, 
J = 12.0 Hz, 2H), 3.64 (t, J = 5.2 Hz, 2H), 3.75 (s, 3H), 4.02 (d, J = 12.4 Hz, 2H), 4.29 (dd, J = 5.6, 
9.2 Hz, 1H), 4.99 (s, 2H), 6.63 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 7.37-7.49 (m, 10H), 7.80 
(d, J = 8.0 Hz, 2H), 7.87 (d, J = 7.2 Hz, 2H), 7.97 (d, J = 7.6 Hz, 2H), 8.03 (d, J = 8.4 Hz, 2H), 8.40 
(s, 1H) 















124.8, 125.0, 125.6, 127.4, 127.5, 127.9, 128.8, 129.7, 130.0, 130.6, 130.6, 130.7, 131.5, 132.5, 139.5, 
158.1  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 704, 733, 840, 905, 1036, 1117, 1246, 1445, 1505, 1610, 2870, 2932, 3050 cm-1 
HRMS [ESI]: [M+H]+ calcd for C43H43NO4H: 638.3270, found: 638.3268  





Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.64 (tt, J = 6.4, 6.4 Hz, 2H), 1.87-2.01 (m, 2H), 2.20 (dd, J = 10.0, 
6.0 Hz, 1H), 2.39 (dd, J = 10.0, 5.2 Hz, 1H), 2.78-2.84 (m, 1H), 3.07-3.17 (m, 2H), 3.24 (t, J = 6.8 Hz, 
2H), 3.42 (d, J = 12.8 Hz, 1H), 3.75 (s, 3H), 4.02 (d, J = 12.8 Hz, 2H), 4.30 (dd, J = 8.8, 5.6 Hz, 1H), 
5.00 (s, 2H), 6.63 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 7.38-7.50 (m, 10H), 7.82 (dd, J = 8.0, 
1.6 Hz, 2H), 7.87 (d, J = 8.4 Hz, 2H), 7.97, (d, J = 9.2 Hz, 2H), 8.03 (d, J = 8.4 Hz, 2H), 8.41 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 29.2, 35.1, 48.4, 55.1, 57.9, 58.7, 61.4, 65.4, 69.6, 77.8, 88.3, 113.1, 
124.8, 125.0, 125.6, 127.4, 127.5, 127.5, 127.9, 128.8, 129.7, 130.0, 130.6, 130.6, 130.7, 131.5, 132.6, 
139.6, 158.0  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 702, 731, 764, 1033, 1094, 1251, 1447, 1505, 1604, 1669, 2098, 2876, 2956, 3054 cm-1 
HRMS [ESI]: [M+H]+ calcd for C43H42N4O3H: 663.3335 found: 663.3335 




Physical state: yellow amorphous 
















(dd, J = 12.0, 4.8 Hz, 1H), 2.83 (dd, J = 12.0, 2.0 Hz, 1H), 3.35-3.39 (m, 4H), 3.50-3.56 (m, 1H), 4.75 
(dd, J = 8.0, 8.0 Hz, 1H), 5.20 (d, J = 10.8 Hz, 1H), 5.24 (d, J = 10.8 Hz, 1H), 7.29-7.48 (m, 10H), 
7.55 (ddd, J = 8.0, 8.0, 2.0 Hz, 4H), 7.97-8.03 (m, 4H), 8.43 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 29.3, 34.6, 48.5, 52.4, 58.2, 60.5, 65.3, 80.2, 85.6, 124.8, 124.8, 125.7, 
127.3, 127.4, 127.4, 127.8, 127.9, 128.8, 129.5, 129.6, 129.9, 130.8, 131.5, 142.2, 143.3 
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr) 702, 727, 756, 887, 1033, 1065, 1098, 1254, 1443, 2098, 2870, 2946, 3059 
HRMS [ESI]: [M+H]+ calcd for C35H34N4O2H: 543.2760 found: 543.2768 





Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.35-1.45 (m, 2H), 1.48-1.57 (m, 2H), 1.84-1.98 (m, 2H), 2.19 (dd, J 
= 10.0, 6.0 Hz, 1H), 2.36 (dd, J =9.6, 5.2 Hz, 1H), 2.51 (t, J = 7.6 Hz, 2H), 2.75-2.83 (m, 1H), 2.99-
3.09 (m, 2H), 3.43 (d, J = 12.8 Hz, 1H), 3.74 (s, 3H), 4.00 (d, J = 12.8 Hz, 1H), 4.29 (dd, J = 8.8, 5.2 
Hz, 1H), 4.99 (s, 2H), 5.18 (d, J = 10.8 Hz, 1H), 5.69 (d, J = 16.0 Hz, 1H), 6.61 (d, J = 8.4 Hz, 2H), 
6.67 (dd, J = 16.0, 10.8 Hz, 1H), 6.80 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 
Hz, 2H), 7.35-7.47 (m, 10H), 7.81, (d, J = 6.4 Hz, 2H), 7.85 (d, J = 7.6 Hz, 2H), 7.97 (d, J = 8.0 Hz, 
2H), 8.03 (d, J = 8.4 Hz, 2H), 8.40 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 27.9, 29.4, 31.6, 35.3, 55.1, 57.9, 58.7, 60.4, 61.4, 68.8, 69.5, 88.3, 
112.8, 113.1, 124.7, 125.0, 125.5, 126.1, 127.3, 127.4, 127.5, 127.9, 128.5, 128.8, 129.7, 130.0, 130.6, 
130.6, 130.7, 131.4, 132.6, 135.1, 136.7, 139.7, 142.2, 158.0 
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr): 704, 733, 840, 913, 993, 1036, 1102, 1245, 1445, 1513, 1610, 2858, 2934, 3049 cm-1 
HRMS [ESI]: [M+H]+ calcd for C52H51NO3H: 738.3947, found 738.3943 













Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.53-1.71 (m, 4H), 1.79-1.88 (m, 1H), 1.96 (broad, 1H), 2.04 (dd, J = 
5.6, 13.6 Hz, 1H), 2.46 (dd, J = 12.0, 4.8 Hz, 1H), 2.61 (t, J = 7.2 Hz, 2H), 2.83 (dd, J = 11.X, 1.6 Hz, 
1H), 3.30 (t, J = 6.4 Hz, 2H), 3.48-3.54 (m, 1H), 4.77 (dd, J = 7.6, 7.6 Hz, 1H), 5.16-5.27 (m, 3H), 
5.69 (d, J = 18.0 Hz, 1H), 6.68 (dd, J = 18.0, 10.8 Hz, 1H), 7.13 (d, J = 8.0 Hz, 2H), 7.28-7.48 (m, 
12H), 7.51-7.59 (m, 4H), 7.96-8.05 (m, 4H), 8.42 (s, 1H) 
13C NMR (100MHz, CDCl3) δ 28.0, 29.5, 34.6, 35.4, 52.5, 58.1, 60.5, 68.8, 79.9, 85.6, 112.9, 124.8, 
124.8, 125.7, 126.1, 127.2, 127.3, 127.4, 127.8, 127.9, 128.5, 128.8, 129.5, 129.6, 129.9, 130.8, 131.5, 
135.1, 136.6, 142.2, 142.3, 143.4 
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr): 702, 733, 759, 842, 891, 1031, 1061, 1094, 1345, 1445, 2860, 2933, 3054 cm-1 
HRMS [ESI]: [M+H]+ calcd for C44H43NO2H: 618.3372, found 618.3370 





Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.95-2.04 (m, 2H), 2.27-2.34 (m, 2H), 2.41 (dd, 4.8, 10 Hz, 1H), 3.09-
3.17 (m, 1H), 3.50 (d, 13 Hz, 2H), 3.77 (s, 3H), 3.83 (d, 2.4 Hz, 2H), 4.05 (d, 13 Hz, 2H), 4.35 (dd, 
6.0, 8.4 Hz, 1H), 5.02 (s, 2H), 6.66 (d, 8.4 Hz, 2H), 6.86 (d, 8.4 hz, 2H), 7.39-7.51 (m, 10H), 7.84 (d, 
6.4 Hz, 2H), 7.89 (d, 7.2 Hz, 2H), 7.98 (d, 7.6 Hz, 2H), 8.05 (d, 8.4 Hz, 2H), 8.41 (s, 1H)  
13C NMR (100MHz, CDCl3) δ 35.0, 55.1, 56.2, 57.5, 58.7, 61.4, 69.6, 73.8, 77.6, 79.9, 88.2, 113.2, 
124.8, 125.0, 125.6, 127.4, 127.5, 127.5, 127.9, 128.8, 129.7, 130.0, 130.5, 130.6, 130.7, 131.4, 132.6, 















The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr): 702, 739, 1040, 1098, 1240, 1443, 1505, 1611, 2917, 3051, 3295 cm-1 
HRMS [ESI]: [M+H]+ calcd for C43H39NO3H: 618.3007, found 618.3001 




Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.81-1.89 (m, 1H), 2.12 (dd, 7.2, 14 Hz, 1H), 2.18 (broad, 1H), 2.39 
(t, 2.4 Hz, 1H), 2.46 (dd, 4.8, 12 Hz, 1H), 3.78-3.83 (m, 1H), 4.05 (dd, 1.2, 2.0 Hz, 2H), 4.79 (dd, 8.0, 
8.0 Hz, 1H), 5.21 (dd, 10, 15 Hz, 2H), 7.28-7.49 (m, 10H), 7.52-7.59 (m, 4H), 7.96-8.04 (m, 4H), 8.42 
(s, 1H)  
13C NMR (100MHz, CDCl3) δ 34.4, 52.3, 56.1, 58.2, 60.4, 74.0, 79.7, 80.1, 85.5, 124.8, 125.7, 127.2, 
127.3, 127.4, 127.8, 127.9, 128.8, 129.4, 129.6, 129.8, 130.8, 131.5, 142.1, 143.3  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr): 702, 733, 763, 909, 1030, 1063, 1445, 1492, 2926, 3056, 3296 cm-1 
HRMS [ESI]: [M+H]+ calcd for C35H31NO2H: 498.2433, found 498.2427 





Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ 1.77-1.86 (m, 1H), 1.97 (dd, J = 14.4, 7.6 Hz, 1H), 2.05 (broad, 1H), 
2.14 (m, 2H), 2.39 (dd, J = 12.0, 4.4 Hz, 1H), 2.81 (d, J = 12.0 Hz, 1H), 3.28 (t, J = 5.6 Hz, 2H), 3.45-
3.51 (m, 1H), 4.47 (t, J = 6.8 Hz, 2H), 4.74 (dd, J = 8.0, 8.0 Hz, 1H), 5.16 (d, J = 10.0 Hz, 1H), 5.23 
(d, J = 10.0 Hz, 1H), 7.27-7.46 (m, 13 Hz), 7.52-7.58 (m, 4H), 7.72 (s, 1H), 7.81 (d, 8.0 Hz, 2H), 7.95-


















13C NMR (100MHz, CDCl3) δ 30.4, 34.5, 47.4, 52.1, 58.2, 60.5, 64.8, 80.2, 85.7, 119.9, 124.8, 125.6, 
125.7, 127.3, 127.4, 127.4, 127.8, 127.9, 128.0, 128.8, 128.8., 129.4, 129.6, 129.9, 130.6, 130.7, 131.4, 
142.1, 143.2, 147.6  
The remaining peak can not be observed because it overlaps with other peaks in aromatic region. 
IR (KBr): 738, 909, 1094, 1189, 1222, 1338, 1440, 2876, 3055, 3342 cm-1 
HRMS [ESI]: [M+H]+ calcd for C43H40N4O2H: 645.3230, found 645.3224 





Physical state: yellow amorphous 
1H NMR (400MHz, CDCl3) δ All peaks were broaded. 1.54-1.84 (4H), 2.21 (1H), 2.56-2.95 (6H), 
3.22 (1H), 3.89-4.17 (2H), 4.67 (1H), 5.11-5.30 (2H), 6.27 (2H), 7.04-7.64 (25H), 7.98 (3H), 8.14 
(1H), 8.39 (1H)  
IR (KBr) 706, 727, 909, 1091, 1338, 1440, 2240, 2866, 2934, 3051 cm-1 
HRMS [ESI]: [M+H]+ calcd for C64H54N6O2H: 939.4387, found 939.4390 
[α]*+. = -10.2 (c = 0.93, CHCl3) 
 
 
ethyl (4S,5S,E)-4-methyl-6-nitro-5-phenylhex-2-enoate (SI-4-1) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 0.92 (d, J = 6.4 Hz, 3H), 1.31 (t, J = 7.2 Hz, 3H), 2.56-2.66 (m, 1H), 
3.37 (td, J = 10.0, 5.2 Hz, 1H), 4.22 (q, J = 7.2 Hz, 2H), 4.57 (dd, J = 12.0, 10.0 Hz, 1H), 4.65 (dd, J 
= 12.0, 5.2 Hz, 1H), 5.92 (d, J =15.2 Hz, 1H), 6.86 (dd, J = 16.0, 9.6 Hz, 1H), 7.17 (d, J = 6.8 Hz, 
2H), 7.28-7.37 (m, 3H) 
13C NMR (100MHz, CDCl3) δ 14.2, 18.2, 40.3, 49.0, 60.6, 79.2, 122.8, 127.9, 127.9, 128.9, 137.3, 
149.8, 165.9 
IR (KBr): 982, 1037, 1171, 1226, 1277, 1378, 1458, 1552, 1655, 1712, 2924, 2979 cm-1 

















[α]*+- = -27.9 (c = 0.50, CHCl3) 
 
 
ethyl (4S,5S,E)-4-ethyl-6-nitro-5-phenylhex-2-enoate (SI-4-2) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 0.76 (t, J = 7.2 Hz, 3H), 1.12-1.22 (m, 1H), 1.27-1.38 (m, 1H), 1.32 (t, 
J = 6.8 Hz, 3H), 2.36 (dddd, J = 10.0, 10.0, 10.0, 3.2 Hz, 1H), 3.43 (ddd, J = 10.4, 10.4, 5.2 Hz, 1H), 
4.23 (q, J = 7.2 Hz, 2H), 4.52 (dd, J = 12.8, 10.0 Hz, 1H), 4.62 (dd, J = 12.0, 4.8 Hz, 1H), 5.94 (d, J 
= 16.0 Hz, 1H), 6.75 (dd, J = 16.0, 10.0 Hz, 1H), 7.17 (d, J = 6.8 Hz, 2H), 7.27-7.37 (m, 5H) (major) 
(the significant peak of another diasteremomer was observed: δ 0.86, 5.84, 6.58) 
13C NMR (100MHz, CDCl3) δ 11.4, 14.2, 24.9, 47.7, 47.8, 60.6, 79.5, 124.5, 127.9, 127.9, 128.9, 
137.6, 148.5, 165.6  
IR (KBr) 993, 1037, 1142, 1168, 1265, 1375, 1462, 1552, 1651, 1716, 2934, 2975 cm-1 
HPLC analysis: (Chiralpak IH, hexane:2-prppanol = 9:1, 1.omL/min) tmajor = 6.8 min, tminor = 8.1 min, 
97% ee 
[α]*+- = -85.7 (c = 0.70, CHCl3) 
 
ethyl (4S,5S,E)-4-benzyl-6-nitro-5-phenylhex-2-enoate (SI-4-3) 
Physical state: white solid 
1H NMR (400MHz, CDCl3) δ 1.27 (t, J = 7.2 Hz, 3H), 2.43 (dd, J = 13.6, 10.0 Hz, 1H), 2.69 (dd, 
13.6, 3.6 Hz, 1H), 2.76 (dd, 10.0, 3.6 Hz, 1H) 3.52 (ddd, J = 10.0, 10.0, 4.8 Hz, 1H), 4.12-4.21 (m, 
2H), 4.55 (dd, J = 12.0, 10.0 Hz, 1H), 4.65 (dd, J = 12.0, 5.2 Hz, 1H), 5.62 (d, J = 16.0 Hz, 1H), 6.78 
(dd, J = 16.0, 10.0 Hz, 1H), 6.91, (d, J = 6.8 Hz, 2H), 7.10-7.43 (m, 8H) (major) (the significant peak 
of another diastereomer was obverved: δ 5.72, 6.69 
13C NMR (100MHz, CDCl3) δ 14.1, 38.6, 47.7, 48.2, 60.5, 79.3, 124.7, 126.4, 128.0, 128.2, 128.3, 
128.9, 129.2, 137.5, 138.2, 147.4, 165.4 
IR (KBr): 978, 1029, 1094, 1164, 1226, 1277, 1378, 1443, 1495, 1560, 1658, 1712, 2920, 2993, 3022 
cm-1 
HPLC analysis: (Chiralpak IC, hexane:2-propanol = 9:1, 1.0 mL/min) tmajor = 11.2 min, tminor = 15.6 
min, 99% ee 










ethyl (4S,5S,E)-4-isopropyl-6-nitro-5-phenylhex-2-enoate (SI-4-4) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 0.78 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H), 1.33 (t, J = 7.2 Hz, 
3H), 1.51 (qqd, 6.8, 6.8, 3.2 Hz, 1H), 2.40 (ddd, J = 10.8. 3.2 Hz, 1H), 3.60 (ddd, J = 11.2, 4.8 Hz, 
1H), 4.23 (q, J = 7.2 Hz, 2H), 4.46 (dd, J = 12.8, 10.8 Hz, 1H), 4.56 (dd, J =12.0, 4.4 Hz, 1H), 5.93 
(d, J = 16.0 Hz, 1H), 6.85 (dd, J = 16.0, 10.0 Hz, 1H), 7.19 (d, J = 6.8 Hz, 2H), 7.27-7.36 (m, 3H) 
(major) (the significant peak of another diastereomer was obverved: δ 5.79, 6.61 
13C NMR (100MHz, CDCl3) δ 14.2, 15.5, 21.8, 28.1, 45.8, 51.5, 60.6, 80.3, 125.8, 127.9, 127.9, 
129.0, 137.7, 145.5, 165.5 
IR (KBr): 1043, 1168, 1222, 1262, 1375, 1451, 1552, 1658, 1716, 2967 cm-1 
HRMS 
HPLC analysis: (Chiralpak IH, hexane:2-propanol = 9:1, 1.0 mL/min) tmajor = 6.1 min, tminor = 7.1 
min, 99% ee 
[α]*+- = -115.5 (c = 0.70, CHCl3) 
 
 
ethyl (4S,5S,E)-5-(4-bromophenyl)-4-methyl-6-nitrohex-2-enoate (SI-4-5) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 0.91 (d, J = 7.2 Hz, 3H), 1.31 (t, J = 7.2 Hz, 3H), 2.58(ddq, 10.0, 9.6, 
7.2, 1H), 3.35 (ddd, J = 10.0, 10.0, 4.8 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 4.52 (dd, J = 12.0, 10.0 Hz, 
1H), 4.63 (dd, J = 12.0, 5.2 Hz, 1H), 5.91 (d, J = 16.0 Hz, 1H), 6.82 (dd, J = 16.0, 9.6 Hz, 1H), 7.06 
(d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H) (major diastereomer) (the significant peak of another 
diasteremomer was observed: δ 5.77, 6.68, 7.00) 
13C NMR (100MHz, CDCl3) δ 14.2, 18.2, 40.1, 48.5, 60.7, 78.9, 122.0, 123.1, 129.6, 132.2, 136.4, 
149.3, 165.8 
IR (KBr): 723, 825, 1037, 1171, 1226, 1273, 1375, 1491, 1556, 1647, 1716, 2934, 2975 cm-1 
HPLC analysis: (Chiralpak IA, hexane:2-propanol = 9:1, 1.0 mL/min) tmajor = 7.0 min, tminor = 8.1 
min, 91% ee 











ethyl (4S,5S,E)-5-(4-fluorophenyl)-4-methyl-6-nitrohex-2-enoate (SI-4-6) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 0.91 (d, J = 6.8 Hz, 3H), 1.31 (t, J = 6.8 Hz, 3H), 2.58 (ddq, 10.0, 10.0, 
6.8 Hz, 1H), 3.36 (ddd, J = 10.0, 10.0, 4.8 Hz,z 1H), 4.21 (q, J = 7.2 Hz, 3H), 4.52 (dd, J = 12.0,10.0 
Hz, 1H), 4.63 (dd, J = 12.0, 4.8 Hz, 1H), 5.91 (d, J = 16.0 Hz, 1H), 6.83 (dd, J = 16.0, 10.0 Hz, 1H), 
7.03 (dd, 8.8, 8.8 Hz, 2H), 7.15 (dd, 5.6, 8.8 Hz, 2H) (the significant peak of another diasteremomer 
was observed: δ 5.77, 6.68) 
13C NMR (100MHz, CDCl3) δ 14.2, 18.2, 40.3, 48.3, 60.6, 79.2, 116.0 (d, J = 22 Hz), 123.0, 129.5 
(d, J = 8.0 Hz), 133.0 (d, J = 3.0 Hz), 149.5, 162.3 (d, J = 246 Hz), 165.8 
IR (KBr): 989, 1043, 1109, 1163, 1232, 1283, 1378, 1451, 1517, 1556, 1611, 1655, 1720, 2927, 2979 
HPLC analysis: (Chiralpak IA, hexane:2-propanol = 9:1, 1.0 mL/min) tmajor = 6.5 min, tminor = 7.7 
min, 90% ee 
[α]*+- = -57.5 (c = 0.70, CHCl3) 
 
 
ethyl (4S,5S,E)-5-(4-methoxyphenyl)-4-methyl-6-nitrohex-2-enoate (SI-4-7) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 0.90 (d, J = 6.8 Hz, 3H), 1.30 (t, J = 7.2 Hz, 3H), 2.57 (dqd, 10.4, 6.8, 
5.2 Hz, 1H), 3.31 (ddd, J = 10.4, 10.4, 5.2 Hz, 1H), 3.78 (s, 3H), 4.20 (q, J = 7.2 Hz, 2H), 4.51 (dd, J 
= 12.0, 10.4 Hz, 1H), 4.61 (dd, J = 12.0, 5.2 Hz, 1H), 5.90 (d, J = 16.0 Hz, 1H), 6.80-6.88 (m, 3H), 
7.08 (d, J = 8.8 Hz, 2H) (the significant peak of another diasteremomer was observed: δ 4.68, 5.77, 
6.71, 7.02) 
13C NMR (100MHz, CDCl3) δ 14.2, 18.1, 40.4, 48.3, 55.1, 60.5, 79.3, 114.3, 122.6, 128.9, 129.1, 
150.0, 159.1, 165.9  
IR(KBr) 985, 1037, 1182, 1251, 1375, 1458, 1509, 1556, 1607, 1651, 1709, 2971 
HPLC analysis: (Chiralpak IA, hexane:2-propanol = 9:1, 1.0 mL/min) tmajor = 6.7 min, tminor = 7.6 
min, 93% ee 












ethyl (4S,5R,E)-4-methyl-5-(nitromethyl)-7-phenylhept-2-enoate (SI-4-8) 
Physical state: clear oil 
1H NMR (400MHz, CDCl3) δ 1.08 (d, J = 7.2 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H), 1.52-1.64 (m, 1H), 
1.68-1.79 (m, 1H), 2.28-2.37 (m, 1H), 2.49-2.57 (m, 1H), 2.62 (t, J = 8.4 Hz, 2H), 4.17 (q, J = 7.2 Hz, 
2H), 4.28 (dd, J = 12.8, 6.8 Hz, 1H), 4.38 (dd, J = 12.4, 6.4 Hz, 1H) 5.82 (d, J = 16.0 Hz, 1H), 6.78 
(dd, J = 16.0, 8.0 Hz, 1H), 7.10-7.29 (m, 5H) (major diasteroemer), (the significant peak of another 
diasteremomer was observed: δ 1.05, 1.26, 4.16, 5.83, 6.79) 
13C NMR (100MHz, CDCl3) δ 14.2, 15.4, 30.5, 32.8, 36.9, 41.3, 60.4, 77.0, 122.5, 126.2, 126.2, 
128.2, 128.5, 140.7, 149.3, 166.0 
IR(KBr): 985, 1037, 1185, 1265, 1367, 1447, 1546, 1651, 1716, 2938, 2979 cm-1 
HPLC analysis: (Chiralpak IC, hexane:2-propanol = 9:1, 1.0 mL/min) tmajor = 9.9 min, tminor = 10.8 
min, 93% ee 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































㻝 㻢㻞㻡㻚㻣㻤㻤 㻥㻡㻚㻟㻡㻜㻥 㻞 㻣㻜㻜㻚㻥㻥㻤 㻥㻠㻚㻤㻜㻜㻞
㻟 㻣㻞㻡㻚㻝㻜㻠 㻥㻝㻚㻤㻜㻢㻤 㻠 㻥㻜㻢㻚㻟㻣㻥 㻥㻠㻚㻞㻠㻣㻝
㻡 㻝㻜㻞㻠㻚㻜㻞 㻥㻟㻚㻢㻡㻣㻡 㻢 㻝㻝㻜㻡㻚㻜㻝 㻥㻡㻚㻝㻢㻞㻝
㻣 㻝㻝㻡㻠㻚㻝㻥 㻤㻥㻚㻠㻜㻥㻣 㻤 㻝㻞㻣㻞㻚㻣㻥 㻥㻠㻚㻞㻜㻠㻤
㻥 㻝㻟㻡㻡㻚㻣㻝 㻥㻝㻚㻤㻟㻝㻝 㻝㻜 㻝㻟㻥㻡㻚㻞㻡 㻥㻠㻚㻥㻢㻟㻠
㻝㻝 㻝㻠㻢㻢㻚㻢 㻥㻟㻚㻞㻞㻣㻠 㻝㻞 㻝㻡㻠㻤㻚㻡㻢 㻤㻟㻚㻠㻡㻞㻢
㻝㻟 㻝㻢㻟㻠㻚㻟㻤 㻥㻞㻚㻣㻠㻟㻠 㻝㻠 㻝㻢㻣㻢㻚㻤 㻤㻝㻚㻞㻢㻠㻡
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉



























































㻝 㻢㻞㻢㻚㻣㻡㻞 㻤㻟㻚㻡㻥㻞㻝 㻞 㻢㻥㻤㻚㻝㻜㻡 㻤㻠㻚㻡㻣㻣㻟
㻟 㻣㻞㻢㻚㻜㻢㻤 㻣㻝㻚㻡㻞㻡㻥 㻠 㻥㻜㻢㻚㻟㻣㻥 㻤㻝㻚㻣㻟㻣㻝
㻡 㻝㻝㻜㻥㻚㻤㻟 㻤㻣㻚㻡㻤㻜㻟 㻢 㻝㻝㻡㻡㻚㻝㻡 㻢㻟㻚㻣㻝㻝㻞
㻣 㻝㻞㻣㻞㻚㻣㻥 㻤㻞㻚㻡㻞㻣㻞 㻤 㻝㻟㻡㻢㻚㻢㻤 㻣㻞㻚㻠㻜㻟㻤
㻥 㻝㻠㻤㻣㻚㻤㻝 㻤㻟㻚㻣㻢㻝 㻝㻜 㻝㻡㻠㻥㻚㻡㻞 㻡㻜㻚㻝㻤㻤㻟
㻝㻝 㻝㻢㻟㻡㻚㻟㻠 㻣㻤㻚㻠㻞㻣㻝 㻝㻞 㻝㻢㻣㻣㻚㻣㻣 㻠㻟㻚㻟㻜㻡㻟
㻝㻟 㻞㻞㻡㻠㻚㻟㻤 㻥㻢㻚㻜㻞㻡㻤 㻝㻠 㻞㻣㻝㻢㻚㻞㻡 㻥㻠㻚㻢㻥㻥㻟
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉



























































㻺㼛㻚 ఩⨨ ᙉᗘ 㻺㼛㻚 ఩⨨ ᙉᗘ
㻝㻡 㻞㻤㻝㻤㻚㻠㻡 㻥㻝㻚㻤㻞㻡 㻝㻢 㻟㻜㻞㻡㻚㻣㻢 㻥㻟㻚㻟㻜㻣㻤
㻝㻣 㻟㻟㻟㻠㻚㻟㻞 㻥㻢㻚㻠㻠㻜㻢
䝢䞊䜽᳨ฟ㻌㻙㻌㻹㼑㼙㼛㼞㼥㻙㻥
㻝 㻟㻞㻟㻝㻚㻝㻡 㻥㻣㻚㻟㻣㻠㻡 㻞 㻝㻢㻣㻢㻚㻤 㻣㻟㻚㻜㻞㻝㻝
㻟 㻝㻢㻟㻠㻚㻟㻤 㻤㻡㻚㻟㻡㻞㻠 㻠 㻝㻡㻠㻤㻚㻡㻢 㻤㻝㻚㻜㻤㻡㻣
㻡 㻝㻠㻣㻝㻚㻠㻞 㻥㻠㻚㻜㻤㻣㻝 㻢 㻝㻟㻡㻢㻚㻢㻤 㻥㻝㻚㻤㻤㻞
㻣 㻝㻝㻡㻡㻚㻝㻡 㻤㻤㻚㻝㻥㻠㻢 㻤 㻣㻡㻜㻚㻝㻣㻠 㻥㻜㻚㻟㻡㻠㻡
㻥 㻡㻝㻞㻚㻜㻜㻤 㻥㻡㻚㻞㻣㻢㻢 㻝㻜 㻠㻡㻢㻚㻜㻤㻞 㻥㻟㻚㻠㻢㻡㻟
㻝㻝 㻠㻞㻞㻚㻟㻟㻠 㻥㻞㻚㻝㻥㻥㻤
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉
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㻝 㻟㻡㻟㻝㻚㻜㻞 㻥㻟㻚㻣㻠㻥㻥 㻞 㻟㻟㻣㻜㻚㻥㻢 㻥㻟㻚㻣㻢㻤㻣
㻟 㻞㻥㻡㻠㻚㻠㻝 㻥㻝㻚㻡㻜㻟㻝 㻠 㻝㻢㻤㻣㻚㻠㻝 㻢㻡㻚㻢㻞㻟㻥
㻡 㻝㻡㻢㻥㻚㻣㻣 㻤㻞㻚㻝㻝㻡㻣 㻢 㻝㻟㻤㻤㻚㻡 㻣㻟㻚㻢㻞㻝
㻣 㻝㻞㻠㻤㻚㻢㻤 㻣㻡㻚㻡㻤㻣㻥 㻤 㻝㻞㻜㻣㻚㻞㻞 㻣㻥㻚㻢㻞㻥㻥
㻥 㻝㻝㻞㻜㻚㻠㻠 㻤㻟㻚㻤㻤㻥㻝 㻝㻜 㻝㻜㻤㻡㻚㻣㻟 㻤㻡㻚㻢㻞㻢
㻝㻝 㻤㻟㻥㻚㻤㻠㻣 㻡㻡㻚㻜㻜㻢 㻝㻞 㻣㻡㻠㻚㻜㻟㻝 㻣㻜㻚㻟㻟㻞㻢
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉

























㻝 㻣㻞㻤㻚㻥㻢㻝 㻣㻢㻚㻟㻤㻢 㻞 㻣㻤㻢㻚㻤㻝㻡 㻤㻟㻚㻟㻢㻢㻥
㻟 㻤㻡㻣㻚㻞㻜㻠 㻤㻟㻚㻥㻤㻥㻢 㻠 㻝㻞㻜㻥㻚㻝㻡 㻤㻝㻚㻤㻡㻠㻢
㻡 㻝㻟㻠㻢㻚㻜㻣 㻢㻢㻚㻞㻥㻝㻠 㻢 㻝㻟㻥㻡㻚㻞㻡 㻣㻥㻚㻢㻣㻝㻝
㻣 㻝㻡㻞㻟㻚㻠㻥 㻡㻠㻚㻣㻝㻣㻥 㻤 㻝㻡㻣㻝㻚㻣 㻤㻜㻚㻝㻠㻣㻣
㻥 㻝㻢㻤㻥㻚㻟㻠 㻢㻠㻚㻣㻜㻟㻢 㻝㻜 㻞㻤㻡㻝㻚㻞㻠 㻥㻝㻚㻠㻢㻥㻤
㻝㻝 㻞㻥㻞㻟㻚㻡㻢 㻥㻝㻚㻟㻢㻝㻠 㻝㻞 㻟㻜㻡㻤㻚㻡㻡 㻥㻟㻚㻜㻝㻟㻢
㻝㻟 㻟㻠㻞㻡㻚㻥㻞 㻥㻜㻚㻟㻡㻟㻤
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉























































㻝 㻟㻟㻤㻡㻚㻠㻞 㻡㻢㻚㻡㻠㻡㻞 㻞 㻟㻜㻠㻥㻚㻤㻣 㻢㻜㻚㻠㻤㻝㻠
㻟 㻞㻥㻡㻝㻚㻡㻞 㻡㻡㻚㻟㻟㻞㻢 㻠 㻞㻥㻞㻠㻚㻡㻞 㻡㻞㻚㻤㻣㻟
㻡 㻞㻤㻡㻣㻚㻥㻥 㻡㻣㻚㻠㻤㻝㻞 㻢 㻝㻢㻤㻠㻚㻡㻞 㻠㻟㻚㻝㻟㻣㻤
㻣 㻝㻡㻣㻜㻚㻣㻠 㻡㻜㻚㻠㻢㻡㻥 㻤 㻝㻟㻤㻡㻚㻢 㻠㻡㻚㻤㻝㻣
㻥 㻝㻞㻝㻞㻚㻜㻠 㻠㻣㻚㻡㻜㻞 㻝㻜 㻝㻜㻟㻢㻚㻡㻡 㻡㻝㻚㻜㻣㻥㻤
㻝㻝 㻣㻡㻟㻚㻜㻢㻢 㻠㻞㻚㻣㻡㻠㻞 㻝㻞 㻡㻤㻜㻚㻠㻢㻥 㻡㻢㻚㻥㻠㻣㻥
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉





















































㻝 㻟㻟㻣㻢㻚㻣㻡 㻣㻟㻚㻤㻜㻢㻟 㻞 㻟㻜㻢㻝㻚㻠㻠 㻤㻞㻚㻣㻟
㻟 㻞㻤㻢㻝㻚㻤㻠 㻤㻠㻚㻤㻝㻢㻥 㻠 㻝㻢㻤㻤㻚㻟㻣 㻟㻡㻚㻜㻤㻢㻟
㻡 㻝㻢㻞㻝㻚㻤㻠 㻢㻠㻚㻥㻞㻟㻥 㻢 㻝㻡㻣㻜㻚㻣㻠 㻢㻞㻚㻠㻥㻜㻣
㻣 㻝㻠㻥㻝㻚㻢㻣 㻡㻠㻚㻣㻟㻠㻠 㻤 㻝㻠㻡㻡㻚㻥㻥 㻡㻡㻚㻣㻜㻞㻠
㻥 㻝㻟㻥㻠㻚㻞㻤 㻠㻤㻚㻤㻡㻤㻣 㻝㻜 㻝㻞㻜㻥㻚㻝㻡 㻡㻜㻚㻟㻡㻞㻤
㻝㻝 㻣㻡㻠㻚㻜㻟㻝 㻠㻜㻚㻡㻢㻢
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉























㻝 㻣㻡㻠㻚㻥㻥㻡 㻠㻠㻚㻣㻥㻢㻟 㻞 㻝㻜㻞㻠㻚㻜㻞 㻡㻥㻚㻡㻤㻜㻣
㻟 㻝㻞㻠㻣㻚㻣㻞 㻠㻥㻚㻤㻤 㻠 㻝㻟㻤㻥㻚㻠㻢 㻠㻣㻚㻢㻣㻢㻟
㻡 㻝㻠㻢㻜㻚㻤㻝 㻡㻟㻚㻟㻡㻥㻝 㻢 㻝㻠㻥㻞㻚㻢㻟 㻡㻠㻚㻣㻤㻤㻢
㻣 㻝㻡㻢㻤㻚㻤㻝 㻢㻤㻚㻢㻡㻡㻡 㻤 㻝㻢㻤㻤㻚㻟㻣 㻟㻠㻚㻢㻤㻟㻝
㻥 㻞㻤㻡㻝㻚㻞㻠 㻤㻝㻚㻞㻢㻤㻡 㻝㻜 㻞㻥㻞㻣㻚㻠㻝 㻣㻢㻚㻡㻤㻠
㻝㻝 㻟㻜㻡㻤㻚㻡㻡 㻤㻤㻚㻤㻝㻢㻢 㻝㻞 㻟㻠㻜㻣㻚㻢 㻤㻜㻚㻠㻠㻤㻥
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































9-2, CD analysis of absolute configuration for 2-94g 
 

































Preliminary MMFF conformational search of the arbitrarily chosen 
(P)-enantiomer shown above was carried out by Spartan’10 
program. The obtained geometries were further optimized by DFT/
B3LYP/6-311++G(2df,2pd) calculation on a Gaussian16 software. 
The IR and VCD spectra of the resultant two stable conformers 
were calculated at the same level of theory. Each spectrum was 
simulated with Lorentzian lineshapes of 4 cm-1 width. The calculated 





Instrument: JASCO J-800 
c = 30 µM 
MeCN solution, measured at ambient temperature 
l = 1 mm 
UV: 8 scans, CD: 8 scans (resolution 4 cm-1) 
 
All spectral data were corrected by a solvent spectrum obtained 
under the same experimental condition, and presented as Δε and ε 
(both in M-1 cm-1). The intensity of the VCD spectrum was NOT 




















Preliminary MMFF conformational search of the arbitrarily chosen 
(P)-enantiomer shown above was carried out by Spartan’10 
program. The obtained geometries were further optimized by DFT/
B3LYP/6-311++G(2df,2pd)/PCM(chloroform) calculation on a 
Gaussian16 software. 
The IR and VCD spectra of the resultant two stable conformers 
were calculated at the same level of theory. Each spectrum was 
simulated with Lorentzian lineshapes of 4 cm-1 width. The calculated 




Instrument: JASCO FVS-6000 spectrometer 
c = 0.5 M 
CDCl3 solution, measured at ambient temperature 
l = 50 µm 
IR: 16 scans, VCD: 3000 scans (resolution 4 cm-1) 
 
All spectral data were corrected by a solvent spectrum obtained 
under the same experimental condition, and presented as Δε and ε 
(both in M-1 cm-1). The intensity of the VCD spectrum was NOT 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































No. 位置 強度 No. 位置 強度
1 3345.89 88.3309 2 3073.01 91.1105
3 2821.35 92.458 4 1681.62 33.3595
5 1553.38 36.1597 6 1358.6 61.7867
7 1311.36 25.7222 8 1158.04 31.8712
9 1113.69 42.3708 10 1037.52 52.6204





























No. 位置 強度 No. 位置 強度
1 2960.2 89.3012 2 1633.41 81.5154
3 1584.24 75.1492 4 1549.52 63.2056
5 1461.78 77.5086 6 1386.57 75.6072
7 1269.9 69.3711 8 1217.83 81.1174






























㻝 㻟㻜㻢㻝㻚㻠㻠 㻥㻜㻚㻥㻢㻡㻤 㻞 㻞㻤㻟㻞㻚㻥㻞 㻤㻤㻚㻥㻞㻠㻢
㻟 㻞㻣㻝㻢㻚㻞㻡 㻥㻟㻚㻣㻝㻞㻠 㻠 㻝㻢㻤㻝㻚㻢㻞 㻞㻞㻚㻥㻠㻠㻥
㻡 㻝㻡㻡㻞㻚㻠㻞 㻞㻡㻚㻟㻜㻜㻟 㻢 㻝㻠㻢㻢㻚㻢 㻢㻢㻚㻢㻜㻡㻠
㻣 㻝㻟㻡㻡㻚㻣㻝 㻡㻤㻚㻝㻡㻥㻡 㻤 㻝㻝㻡㻤㻚㻜㻠 㻡㻟㻚㻣㻜㻠㻤
㻥 㻝㻜㻣㻤㻚㻥㻤 㻢㻞㻚㻟㻤㻤㻣 㻝㻜 㻝㻜㻞㻠㻚㻥㻤 㻢㻥㻚㻟㻝㻜㻥
㻝㻝 㻥㻜㻥㻚㻞㻣㻞 㻡㻠㻚㻜㻜㻢㻡 㻝㻞 㻣㻟㻞㻚㻤㻝㻣 㻡㻜㻚㻣㻣㻤㻡
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉




























㻝 㻟㻜㻢㻝㻚㻠㻠 㻥㻜㻚㻞㻠㻥㻟 㻞 㻞㻤㻞㻡㻚㻞 㻤㻤㻚㻜㻟㻣㻤
㻟 㻞㻣㻞㻟㻚㻥㻢 㻥㻤㻚㻜㻠㻝㻤 㻠 㻝㻢㻤㻜㻚㻢㻢 㻝㻞㻚㻝㻝㻞
㻡 㻝㻢㻟㻟㻚㻠㻝 㻢㻜㻚㻠㻣㻡㻞 㻢 㻝㻡㻤㻥㻚㻜㻢 㻡㻣㻚㻠㻣㻟㻥
㻣 㻝㻡㻡㻠㻚㻟㻠 㻝㻣㻚㻡㻟㻞㻣 㻤 㻝㻠㻢㻢㻚㻢 㻡㻥㻚㻜㻝㻠㻞
㻥 㻝㻟㻥㻡㻚㻞㻡 㻢㻠㻚㻞㻝㻢㻠 㻝㻜 㻝㻟㻡㻞㻚㻤㻞 㻡㻜㻚㻟㻠㻞㻤
㻝㻝 㻝㻞㻢㻣 㻢㻞㻚㻣㻜㻝 㻝㻞 㻝㻝㻡㻢㻚㻝㻞 㻟㻞㻚㻜㻥㻡㻠
㻝㻟 㻝㻝㻝㻣㻚㻡㻡 㻡㻠㻚㻜㻟㻡㻞 㻝㻠 㻝㻜㻣㻢㻚㻜㻤 㻣㻟㻚㻡㻥㻞㻢
㻝㻡 㻝㻜㻞㻠㻚㻥㻤 㻢㻡㻚㻤㻣㻢㻠 㻝㻢 㻣㻤㻢㻚㻤㻝㻡 㻡㻝㻚㻝㻝㻟㻢
㻝㻣 㻣㻟㻢㻚㻢㻣㻠 㻡㻡㻚㻞㻣㻝㻟 㻝㻤 㻣㻜㻜㻚㻥㻥㻤 㻣㻜㻚㻞㻢㻝㻠
㻝㻥 㻢㻞㻠㻚㻤㻞㻟 㻢㻥㻚㻠㻢㻜㻡 㻞㻜 㻡㻡㻢㻚㻟㻢㻟 㻣㻤㻚㻡㻞㻢㻟
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉



































㻝 㻟㻜㻡㻥㻚㻡㻝 㻣㻢㻚㻥㻟㻡㻢 㻞 㻞㻤㻟㻜㻚㻜㻟 㻤㻠㻚㻟㻠㻡㻣
㻟 㻞㻣㻝㻢㻚㻞㻡 㻥㻠㻚㻢㻜㻢㻥 㻠 㻝㻢㻤㻝㻚㻢㻞 㻤㻚㻣㻞㻡㻡㻞
㻡 㻝㻡㻡㻞㻚㻠㻞 㻝㻝㻚㻞㻢㻤㻝 㻢 㻝㻟㻡㻣㻚㻢㻠 㻟㻠㻚㻥㻝㻢㻠
㻣 㻝㻞㻢㻡㻚㻜㻣 㻠㻟㻚㻤㻣㻠㻥 㻤 㻝㻝㻡㻣㻚㻜㻤 㻟㻠㻚㻥㻡㻥㻢
㻥 㻝㻝㻝㻥㻚㻠㻤 㻢㻝㻚㻡㻥㻞 㻝㻜 㻝㻜㻣㻤㻚㻜㻝 㻠㻞㻚㻜㻡㻟㻣
㻝㻝 㻥㻜㻡㻚㻠㻝㻡 㻡㻣㻚㻥㻠㻢㻤 㻝㻞 㻣㻣㻥㻚㻝㻜㻝 㻟㻟㻚㻞㻡㻡㻟
㻝㻟 㻣㻟㻢㻚㻢㻣㻠 㻞㻣㻚㻤㻤㻝㻤 㻝㻠 㻣㻜㻜㻚㻜㻟㻠 㻠㻡㻚㻥㻣㻠㻞
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No. 位置 強度 No. 位置 強度
1 3058.55 83.8375 2 2857.99 75.0546
3 1698.98 27.8877 4 1623.77 52.4114
5 1531.2 24.032 6 1440.56 58.8303
7 1357.64 59.5126 8 1268.93 62.7458
9 1172.51 66.6544 10 961.341 58.2619
























































































































































































































































































































































No. 位置 強度 No. 位置 強度
1 2963.09 44.5071 2 1697.05 35.7243
3 1624.73 45.7109 4 1533.13 31.1806
5 1490.7 48.9666 6 1365.35 47.6063
7 1267.97 50.1571 8 1159.97 55.3443
9 1038.48 53.2008 10 960.377 53.5492

























No. 位置 強度 No. 位置 強度 No. 位置 強度
1 2358.52 94.019 2 1703.8 90.9167 3 1534.1 88.3956
4 1315.21 85.4126 5 1174.44 89.6667 6 1126.22 87.6864
7 1035.59 91.7696 8 750.174 92.5865 9 484.045 94.4092


































































































































No. 位置 強度 No. 位置 強度
1 3511.74 42.0467 2 3054.69 52.7017
3 2956.34 39.0487 4 2894.63 59.4793
5 2857.99 58.6039 6 1697.05 8.64911
7 1623.77 15.2777 8 1593.88 29.341
9 1531.2 11.5374 10 1367.28 25.2306
11 1329.68 41.8888 12 1250.61 16.1806
13 1172.51 35.6209 14 1121.4 21.5151
15 1083.8 44.8145 16 1042.34 43.5959
17 960.377 32.9571 18 837.919 6.31194
19 743.424 6.82282 20 622.895 36.9965




































































































































No. 位置 強度 No. 位置 強度
1 2962.13 87.9864 2 1696.09 74.5204
3 1622.8 81.6355 4 1586.16 76.2297
5 1531.2 68.548 6 1387.53 80.5356
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㻝 㻟㻟㻤㻞㻚㻡㻟 㻠㻤㻚㻞㻟㻠㻟 㻞 㻟㻜㻢㻟㻚㻟㻣 㻡㻥㻚㻝㻟㻝㻣
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㻝 㻟㻜㻡㻤㻚㻡㻡 㻥㻤㻚㻤㻣㻞㻝 㻞 㻞㻤㻞㻝㻚㻟㻡 㻥㻤㻚㻜㻝㻣㻟
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㻝 㻞㻥㻢㻢㻚㻥㻡 㻥㻡㻚㻡㻝㻜㻣 㻞 㻞㻤㻝㻤㻚㻠㻡 㻥㻡㻚㻠㻞㻣㻟
㻟 㻝㻢㻤㻝㻚㻢㻞 㻡㻡㻚㻠㻤㻟㻟 㻠 㻝㻡㻡㻟㻚㻟㻤 㻢㻜㻚㻢㻝㻤㻝
㻡 㻝㻠㻢㻤㻚㻡㻟 㻣㻥㻚㻝㻜㻠㻡 㻢 㻝㻟㻞㻤㻚㻣㻝 㻣㻡㻚㻤㻥㻣㻡
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㻡 㻝㻠㻤㻝㻚㻜㻢 㻤㻥㻚㻤㻡㻥㻝 㻢 㻝㻠㻠㻣㻚㻟㻝 㻤㻝㻚㻡㻢㻜㻠
㻣 㻝㻟㻣㻡 㻥㻞㻚㻞㻥㻠㻡 㻤 㻝㻟㻟㻞㻚㻡㻣 㻤㻥㻚㻣㻤㻣㻠
㻥 㻝㻞㻤㻣㻚㻞㻡 㻢㻠㻚㻥㻡㻤㻥 㻝㻜 㻝㻞㻟㻢㻚㻝㻡 㻤㻞㻚㻞㻤㻣㻝
㻝㻝 㻝㻞㻝㻟㻚㻜㻝 㻣㻤㻚㻢㻞㻝㻟 㻝㻞 㻝㻝㻠㻢㻚㻠㻣 㻤㻠㻚㻠㻞㻣㻞
㻝㻟 㻝㻝㻝㻝㻚㻣㻢 㻤㻢㻚㻥㻤㻤㻟 㻝㻠 㻝㻜㻡㻠㻚㻤㻣 㻥㻝㻚㻠㻢㻝㻞
㻝㻡 㻝㻜㻞㻣㻚㻤㻣 㻥㻝㻚㻥㻥㻟㻣 㻝㻢 㻣㻥㻡㻚㻠㻥㻟 㻤㻣㻚㻟㻤㻥㻟
㻝㻣 㻣㻠㻝㻚㻠㻥㻢 㻣㻣㻚㻥㻝㻜㻤 㻝㻤 㻢㻣㻠㻚㻥㻢㻟 㻥㻞㻚㻞㻝㻜㻝
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉





























㻝 㻟㻟㻣㻣㻚㻣㻝 㻣㻡㻚㻞㻥㻜㻣 㻞 㻟㻜㻡㻡㻚㻢㻢 㻤㻤㻚㻡㻜㻝㻟
㻟 㻞㻥㻞㻡㻚㻠㻤 㻤㻥㻚㻜㻜㻢㻢 㻠 㻞㻤㻡㻠㻚㻝㻟 㻥㻝㻚㻝㻞㻡㻤
㻡 㻝㻢㻝㻣㻚㻥㻤 㻢㻣㻚㻜㻞㻜㻝 㻢 㻝㻡㻜㻜㻚㻟㻡 㻣㻣㻚㻢㻝㻞
㻣 㻝㻠㻣㻡㻚㻞㻤 㻣㻢㻚㻟㻤㻡 㻤 㻝㻠㻜㻝㻚㻜㻟 㻢㻟㻚㻝㻜㻤㻣
㻥 㻝㻜㻡㻥㻚㻢㻥 㻣㻜㻚㻤㻠㻣㻢 㻝㻜 㻝㻜㻞㻟㻚㻜㻡 㻢㻟㻚㻥㻢
㻝㻝 㻥㻣㻣㻚㻣㻟㻟 㻣㻟㻚㻣㻤㻥㻡 㻝㻞 㻤㻢㻤㻚㻣㻣㻠 㻣㻢㻚㻟㻢㻝㻢
㻝㻟 㻣㻠㻢㻚㻟㻝㻣 㻢㻢㻚㻝㻡㻡㻝 㻝㻠 㻢㻠㻣㻚㻥㻢㻡 㻣㻥㻚㻞㻡㻡㻞
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉

































































































































































































































































HPLC analysis of dihydronaphthalene 3-SI
䣯䣫䣰













































































































































SK-5B - - -IB-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007021900. \SK-5B - - -IB-19 1. , DAD-246.0 




































SK-5B - a - - a -IB-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \20200702204. \SK-5B - a - - a -IB-19 1. a , DAD-246.0 

































S -4B - B - - -IF-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \2020060092020. \S -4B - B - - -IF-19 1. , DAD-251.0 


































S -4B - B - - -IF-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \2020060092020. \S -4B - B - - -IF-19 1. , DAD-251.0 



































S -4B - a - - a -IB-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060092020. \S -4B - a - - a -IB-19 1. a , DAD-251.0 




































S -4B - a - - a -IB-19 1
面積

























































S - B - - 12 -NH4C -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202006041300. \S - B - - 12 -NH4C -IF-30 1. , DAD-287.0 




































S - B -NIS- - 15 -NIS12 -IF-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \2020060131500. \S - B -NIS- - 15 -NIS12 -IF-30 1. , DAD-334.0 
HPLC analysis of biaryl 3-21
䣯䣫䣰

























































































































































































































































































































































































































S - C -NBS- -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060152230. \S - C -NBS- -IA-30 1. a , DAD-245.0 



































S - C -NIS- -IA-30 1
面積
















































































SK- - -N S-IG-50 1
面積
C:\P D \C S \R  D \I C ON.28\55A7B214-001C-49E6-99BE-6BE24E0BC25C\SK- - -N S-IG-50 1. , DAD-284.0 



































SK- - -NBS-IG-50 1
面積
C: U T  UNIV D HPLC HPLC 202007092300. SK- - -NBS-IG-50 1. , DAD-261.0 




































S - -NBS- -IG-50 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \2020060222305. \S - -NBS- -IG-50 1. , DAD-285.0 


































S - -NBS- - -IG-50 1
面積
































































































































































S - I-NBS- a - -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060291005. \S - I-NBS- a - -IA-30 1. a , DAD-280.0 



































S - I-NIS-c a - -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060291005. \S - I-NIS-c a - -IA-30 1. a , DAD-275.0 





































S - -N S- a - -IG-50 1
面積






































































S - CF3-NBS- - -IF-30 1
面積





























































































































































































































S - P -NBS- a - -IA-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060291005. \S - P -NBS- a - -IA-19 1. a , DAD-280.0 

































S - P -NIS-c a - -IA-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060291005. \S - P -NIS-c a - -IA-19 1. a , DAD-280.0 























S - CF3-NIS-c a - -IF-30 1
面積


















































































































C: U T  UNI D HPLC HPLC 202007101900. SK-TMS-NBS- -IF-50 1. , DAD-300.0 
䣯䣫䣰



























































































































































































































































SK- -NBS- -IA-19 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007011535. \SK- -NBS- -IA-19 1. , DAD-250.0 


























SK- -NIS- -IA-19 1
面積


























































































































































































































































































































































S - a -NBS- -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060191210. \S - a -NBS- -IA-30 1. a , DAD-275.0 





































S - a -NIS- -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLCda a\ \2020060191210. \S - a -NIS- -IA-30 1.da , DAD-275.0 






















S -4O -NBS- - -IF-30 1
面積
C: U T  UNIV D HPLC HPLC 2020060232230. S -4O -NBS- - -IF-30 1. , DAD-301.0 





















S -4O -NIS- - -IF-30 1
面積








































































S -4B - B - -NBS-IF-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \2020060122200. \S -4B - B - -NBS-IF-30 1. , DAD-257.0 


























SK-4B - B -NBS- -IF-30 1
面積


















































































































































































SK-5B - B -NBS- - -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007102230. \SK-5B - B -NBS- - -IA-30 1. , DAD-291.0 



































SK-5B - B -NIS- - -IA-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007092300. \SK-5B - B -NIS- - -IA-30 1. , DAD-248.0 























SK-4B - B -NIS- -IF-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007012230. \SK-4B - B -NIS- -IF-30 1. , DAD-332.0 


























SK-4B - B -NBS- -IF-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \202007012230. \SK-4B - B -NBS- -IF-30 1. a , DAD-332.0 





















SK-4B - B -NIS- -IF-30 1
面積



































































































SK-5B - -NIS- -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007061900. \SK-5B - -NIS- -IB-30 1. , DAD-250.0 






























S -4B - a -NBS- a -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \2020060131300. \S -4B - a -NBS- a -IB-30 1. a , DAD-332.0 

























SK-4B - a -NIS- -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \202007012230. \SK-4B - a -NIS- -IB-30 1. a , DAD-250.0 





















SK-4B - -NIS- -IB-30 1
面積

































SK-5B - a -NBS- a - -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC a a\ \202007071100. \SK-5B - a -NBS- a - -IB-30 1. a , DAD-250.0 
























SK-5B - -NBS- - -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007071100. \SK-5B - -NBS- - -IB-30 1. , DAD-250.0 






















SK-5B - -NIS- - -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007071100. \SK-5B - -NIS- - -IB-30 1. , DAD-250.0 
























SK-5B - -NIS- - -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007071100. \SK-5B - -NIS- - -IB-30 1. , DAD-250.0 


























SK-4B - -NBS- -IB-30 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007012230. \SK-4B - -NBS- -IB-30 1. , DAD-332.0 






















SK-4B - -NBS- -IB-30 1
面積














































































SK- B -NIS- -N BH4-IF-9 1
面積
C:\U \T  UNIV\D \HPLC\HPLC \ \202007132300. \SK- B -NIS- -N BH4-IF-9 1. , DAD-267.0 

































SK- B -NBS- -N BH4-IF-9 1
面積
C: U T  UNIV D HPLC HPLC 20200711430. SK- B -NBS- -N BH4-IF-9 1. , DAD-292.0 

































SK- B -CA - -IG-19 1
面積
C: U T  UNIV D HPLC HPLC 202007221900. SK- B -CA - -IG-19 1. , DAD-237.0 






































SK- B -CA - -IG-19 1
面積
C: U T  UNIV D HPLC HPLC 202007221900. SK- B -CA - -IG-19 1. , DAD-236.0 

































SK- B - - -IG-9 1
面積
C: U T  UNIV D HPLC HPLC 202007251700. SK- B - - -IG-9 1. , DAD-249.0 


































SK- B - - -IG-9 1
面積
C: U T  UNIV D HPLC HPLC 202007251700. SK- B - - -IG-9 1. , DAD-249.0 
Racemic-3-22 Racemic-3-23’
Racemic-3-24














Observed ECD and UV spectra of 3-21 afforded by method B





































































































Observed ECD and UV spectra of 3-21g afforded by method B






























Observed ECD and UV spectra of 3-21i afforded by method B







































Preliminary MMFF conformational search of the arbitrarily chosen 
(P)-enantiomer shown above was carried out by Spartan’10 
program. The obtained geometries were further optimized by 
DFT/B3LYP/6-311++G(2df,2pd) calculation on a Gaussian16 
software.
The IR and VCD spectra of the resultant two stable conformers were 
calculated at the same level of theory. Each spectrum was 
simulated with Lorentzian lineshapes of 6 cm-1 width. The calculated 
frequencies n were scaled with were scaled with the factor of 0.98.
Calculation condition
Instrument: JASCO FVS-6000 spectrometer
c = 1.5 M (for o-Br) or 1.0 M (for o-Cl, o-I, and o-Me)
CDCl3 solution, measured at ambient temperature
l = 50 µm
IR: 16 scans, VCD: 3000 scans (resolution 4 cm-1)
All spectral data were corrected by a solvent spectrum obtained 
under the same experimental condition, and presented as De and e
(both in M-1 cm-1). The intensity of the VCD spectrum was NOT 





























Observed VCD and IR spectra of 5a obtained by Method A











































































































Observed VCD and IR spectra of 5b obtained by Method A
And calculated VCD and IR spectra for (Sa)-3-21b
Observed VCD and IR spectra of 5d obtained by Method A











obtained by method B
Observed VCD spectra of 3-21c obtained by Method A





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































㻝 㻟㻜㻡㻜㻚㻤㻟 㻟㻜㻚㻠㻡㻥 㻞 㻟㻜㻟㻞㻚㻡㻝 㻟㻥㻚㻟㻠㻥㻤
㻟 㻞㻥㻡㻢㻚㻟㻠 㻞㻡㻚㻞㻥㻞㻝 㻠 㻞㻤㻢㻥㻚㻡㻢 㻟㻝㻚㻜㻝㻟㻠
㻡 㻝㻠㻥㻤㻚㻠㻞 㻡㻡㻚㻠㻟㻞㻞 㻢 㻝㻠㻠㻟㻚㻠㻢 㻟㻜㻚㻝㻝㻤㻠
㻣 㻝㻜㻢㻡㻚㻠㻤 㻠㻜㻚㻥㻟㻜㻢 㻤 㻝㻜㻞㻡㻚㻥㻠 㻟㻤㻚㻜㻠㻣㻟
㻥 㻥㻝㻟㻚㻝㻞㻥 㻠㻜㻚㻞㻤㻟㻠 㻝㻜 㻤㻥㻜㻚㻥㻡㻞 㻡㻜㻚㻢㻝㻠㻞
㻝㻝 㻣㻡㻥㻚㻤㻝㻢 㻡㻝㻚㻜㻞㻢㻢 㻝㻞 㻣㻟㻠㻚㻣㻠㻢 㻞㻞㻚㻠㻟㻢㻤
㻝㻟 㻣㻜㻡㻚㻤㻝㻥 㻠㻝㻚㻝㻠㻢
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉


































㻝 㻟㻜㻝㻥㻚㻥㻤 㻠㻥㻚㻥㻟㻤㻠 㻞 㻞㻟㻥㻥㻚㻥㻤 㻤㻥㻚㻢㻡㻡㻥
㻟 㻝㻞㻝㻡㻚㻥 㻣㻚㻝㻜㻞㻥㻝 㻠 㻝㻜㻠㻣㻚㻝㻢 㻤㻡㻚㻥㻝㻠㻥
㻡 㻥㻞㻤㻚㻡㻡㻣 㻤㻤㻚㻤㻢㻤㻢 㻢 㻣㻡㻢㻚㻥㻞㻟 㻠㻚㻣㻝㻜㻢㻤
㻣 㻢㻢㻥㻚㻝㻣㻤 㻟㻟㻚㻜㻜㻝㻟 㻤 㻠㻟㻣㻚㻣㻢㻞 㻥㻜㻚㻟㻣㻣㻟
㻥 㻠㻜㻢㻚㻥㻜㻣 㻤㻥㻚㻤㻠㻣㻞
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉

























































㻝 㻟㻜㻡㻡㻚㻢㻢 㻥㻜㻚㻤㻟㻥㻞 㻞 㻞㻥㻞㻠㻚㻡㻞 㻤㻞㻚㻢㻟㻡㻟
㻟 㻝㻢㻜㻜㻚㻢㻟 㻥㻟㻚㻤㻝㻣㻢 㻠 㻝㻠㻥㻝㻚㻢㻣 㻥㻜㻚㻠㻢㻢㻤
㻡 㻝㻠㻠㻡㻚㻟㻥 㻤㻟㻚㻠㻟㻤㻣 㻢 㻝㻜㻣㻟㻚㻝㻥 㻤㻡㻚㻞㻝㻝㻢
㻣 㻤㻥㻞㻚㻤㻤 㻥㻟㻚㻢㻥㻟㻟 㻤 㻤㻡㻠㻚㻟㻝㻝 㻥㻞㻚㻥㻝㻝㻝
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㻟 㻞㻥㻞㻢㻚㻠㻡 㻥㻠㻚㻟㻣㻞㻤 㻠 㻝㻠㻥㻝㻚㻢㻣 㻤㻤㻚㻥㻥㻠㻝
㻡 㻝㻠㻠㻡㻚㻟㻥 㻤㻝㻚㻤㻥㻟㻟 㻢 㻝㻜㻢㻞㻚㻡㻥 㻣㻥㻚㻜㻞㻞㻡
㻣 㻝㻜㻞㻥㻚㻤 㻣㻤㻚㻟㻠㻢㻣 㻤 㻥㻜㻥㻚㻞㻣㻞 㻣㻥㻚㻣㻡㻢㻢
㻥 㻣㻢㻞㻚㻣㻜㻥 㻤㻢㻚㻣㻤㻡㻟 㻝㻜 㻣㻟㻞㻚㻤㻝㻣 㻢㻟㻚㻤㻝㻞㻥
㻝㻝 㻣㻜㻝㻚㻥㻢㻞 㻣㻟㻚㻡㻟㻜㻣 㻝㻞 㻢㻠㻜㻚㻞㻡㻝 㻥㻝㻚㻤㻟㻟㻥
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉







































㻝 㻞㻥㻣㻤㻚㻡㻞 㻝㻤㻚㻥㻠㻣㻞 㻞 㻞㻥㻞㻟㻚㻡㻢 㻟㻡㻚㻝㻜㻥㻣
㻟 㻝㻣㻝㻞㻚㻠㻤 㻠㻚㻞㻠㻠㻡㻥 㻠 㻝㻢㻡㻠㻚㻢㻞 㻞㻥㻚㻡㻢㻢㻥
㻡 㻝㻡㻡㻞㻚㻠㻞 㻟㻚㻠㻞㻤㻡㻞 㻢 㻝㻠㻡㻣㻚㻥㻞 㻠㻝㻚㻣㻠㻤㻤
㻣 㻝㻟㻣㻣㻚㻤㻥 㻞㻜㻚㻣㻤㻠㻝 㻤 㻝㻞㻣㻢㻚㻢㻡 㻞㻜㻚㻤㻤㻝㻠
㻥 㻝㻞㻞㻡㻚㻡㻠 㻞㻤㻚㻞㻟㻡㻥 㻝㻜 㻝㻝㻣㻜㻚㻡㻤 㻟㻝㻚㻠㻡㻥㻠
㻝㻝 㻝㻜㻟㻢㻚㻡㻡 㻟㻥㻚㻟㻣㻜㻤 㻝㻞 㻥㻤㻝㻚㻡㻥 㻡㻣㻚㻝㻢㻢㻣
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉































㻝 㻞㻥㻣㻠㻚㻢㻢 㻟㻞㻚㻟㻠㻠㻡 㻞 㻞㻥㻟㻠㻚㻝㻢 㻟㻤㻚㻡㻞㻥㻟
㻟 㻝㻣㻝㻢㻚㻟㻠 㻤㻚㻣㻜㻠㻣㻢 㻠 㻝㻢㻡㻜㻚㻣㻣 㻟㻞㻚㻠㻢㻞㻠
㻡 㻝㻡㻡㻞㻚㻠㻞 㻣㻚㻟㻤㻡㻠㻟 㻢 㻝㻠㻢㻝㻚㻣㻤 㻠㻡㻚㻞㻠㻤㻥
㻣 㻝㻟㻣㻡 㻞㻜㻚㻢㻝㻡㻠 㻤 㻝㻞㻢㻡㻚㻜㻣 㻞㻠㻚㻡㻢㻤㻠
㻥 㻝㻝㻢㻣㻚㻢㻥 㻞㻟㻚㻡㻜㻡㻤 㻝㻜 㻝㻝㻠㻝㻚㻢㻡 㻠㻝㻚㻝㻡㻣㻞
㻝㻝 㻝㻜㻟㻢㻚㻡㻡 㻟㻜㻚㻡㻤㻞㻢 㻝㻞 㻥㻥㻟㻚㻝㻢 㻟㻤㻚㻢㻥㻢㻠
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉
































㻝 㻟㻜㻞㻝㻚㻥㻝 㻣㻝㻚㻣㻤㻟㻞 㻞 㻞㻥㻥㻞㻚㻥㻤 㻣㻝㻚㻣㻝㻟㻠
㻟 㻞㻥㻝㻥㻚㻣 㻢㻥㻚㻟㻝㻝㻟 㻠 㻝㻣㻝㻞㻚㻠㻤 㻞㻜㻚㻠㻣㻢㻠
㻡 㻝㻢㻡㻤㻚㻠㻤 㻢㻜㻚㻢㻤㻟 㻢 㻝㻡㻢㻜㻚㻝㻟 㻟㻠㻚㻤㻟㻣㻟
㻣 㻝㻠㻥㻠㻚㻡㻢 㻡㻞㻚㻜㻟㻝㻞 㻤 㻝㻠㻠㻟㻚㻠㻢 㻢㻡㻚㻤㻡㻟㻞
㻥 㻝㻟㻣㻣㻚㻤㻥 㻟㻤㻚㻝㻟㻥㻝 㻝㻜 㻝㻞㻣㻢㻚㻢㻡 㻠㻝㻚㻝㻥㻣
㻝㻝 㻝㻞㻞㻡㻚㻡㻠 㻟㻣㻚㻜㻡㻥㻤 㻝㻞 㻝㻝㻢㻟㻚㻤㻟 㻠㻟㻚㻞㻝㻜㻟
㻝㻟 㻝㻜㻥㻠㻚㻠 㻢㻞㻚㻞㻜㻣㻡 㻝㻠 㻝㻜㻞㻤㻚㻤㻠 㻡㻠㻚㻣㻣㻝㻟
㻝㻡 㻥㻣㻣㻚㻣㻟㻟 㻣㻝㻚㻜㻟㻣㻣
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉



































㻝 㻞㻥㻢㻢㻚㻥㻡 㻟㻟㻚㻞㻞㻠㻝 㻞 㻝㻣㻝㻢㻚㻟㻠 㻝㻣㻚㻠㻝㻤㻥
㻟 㻝㻢㻡㻤㻚㻠㻤 㻢㻝㻚㻞㻥㻢㻥 㻠 㻝㻡㻡㻞㻚㻠㻞 㻝㻠㻚㻣㻞㻤㻡
㻡 㻝㻠㻡㻝㻚㻝㻣 㻢㻠㻚㻢㻞㻝㻤 㻢 㻝㻟㻣㻡 㻠㻞㻚㻡㻣㻥㻤
㻣 㻝㻞㻢㻞㻚㻝㻤 㻡㻜㻚㻡㻡㻤 㻤 㻝㻞㻞㻝㻚㻢㻤 㻡㻠㻚㻤㻠㻠㻠
㻥 㻝㻝㻢㻣㻚㻢㻥 㻡㻟㻚㻣㻥㻝㻝 㻝㻜 㻝㻜㻠㻟㻚㻟 㻢㻟㻚㻟㻢㻝㻟
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉






























㻝 㻞㻥㻣㻠㻚㻢㻢 㻝㻣㻚㻡㻣㻞㻣 㻞 㻞㻥㻟㻠㻚㻝㻢 㻟㻜㻚㻜㻜㻣㻥
㻟 㻝㻣㻝㻢㻚㻟㻠 㻢㻚㻞㻢㻞㻟㻣 㻠 㻝㻢㻠㻢㻚㻥㻝 㻟㻣㻚㻤㻢㻣
㻡 㻝㻡㻡㻢㻚㻞㻣 㻢㻚㻜㻟㻤㻡㻟 㻢 㻝㻠㻥㻜㻚㻣 㻟㻞㻚㻜㻤㻣㻞
㻣 㻝㻟㻣㻡 㻞㻟㻚㻤㻞㻟㻞 㻤 㻝㻞㻣㻞㻚㻣㻥 㻞㻟㻚㻡㻤㻥㻠
㻥 㻝㻞㻞㻡㻚㻡㻠 㻞㻥㻚㻡㻡㻡㻤 㻝㻜 㻝㻝㻣㻜㻚㻡㻤 㻟㻞㻚㻡㻤㻢㻤
㻝㻝 㻝㻜㻟㻢㻚㻡㻡 㻠㻜㻚㻡㻡㻟㻤 㻝㻞 㻤㻞㻡㻚㻟㻤㻠 㻡㻠㻚㻣㻢㻜㻡
㻝㻟 㻣㻞㻟㻚㻝㻣㻡 㻢㻤㻚㻡㻠㻠㻤
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉


































㻝 㻞㻥㻣㻤㻚㻡㻞 㻜㻚㻣㻜㻞㻤㻜㻝 㻞 㻞㻥㻞㻣㻚㻠㻝 㻠㻚㻝㻜㻟㻢
㻟 㻝㻣㻞㻜㻚㻝㻥 㻜㻚㻠㻤㻞㻟㻝㻞 㻠 㻝㻢㻡㻠㻚㻢㻞 㻟㻚㻡㻜㻞㻝㻣
㻡 㻝㻢㻝㻝㻚㻞㻟 㻝㻢㻚㻟㻞㻞㻠 㻢 㻝㻡㻡㻢㻚㻞㻣 㻜㻚㻡㻣㻢㻠㻝㻥
㻣 㻝㻡㻝㻢㻚㻣㻠 㻟㻚㻥㻟㻣㻡㻟 㻤 㻝㻠㻡㻝㻚㻝㻣 㻝㻟㻚㻠㻣㻝㻠
㻥 㻝㻟㻣㻣㻚㻤㻥 㻞㻚㻠㻤㻞㻣㻡 㻝㻜 㻝㻞㻤㻟㻚㻟㻥 㻟㻚㻣㻤㻠㻜㻥
㻝㻝 㻝㻞㻟㻞㻚㻞㻥 㻞㻚㻠㻢㻞㻡㻤 㻝㻞 㻝㻝㻢㻟㻚㻤㻟 㻠㻚㻥㻢㻠㻟㻠
㻝㻟 㻝㻝㻜㻤㻚㻤㻣 㻝㻝㻚㻤㻣㻟 㻝㻠 㻝㻜㻠㻟㻚㻟 㻝㻝㻚㻝㻣㻣㻢
㻝㻡 㻥㻤㻥㻚㻟㻜㻠 㻝㻟㻚㻞㻠㻣
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉

































㻝 㻞㻥㻣㻜㻚㻤 㻢㻢㻚㻠㻠㻢㻟 㻞 㻝㻣㻜㻤㻚㻢㻞 㻞㻤㻚㻡㻞㻜㻞
㻟 㻝㻢㻡㻜㻚㻣㻣 㻢㻞㻚㻤㻜㻜㻠 㻠 㻝㻢㻜㻣㻚㻟㻤 㻢㻥㻚㻢㻥㻥㻥
㻡 㻝㻡㻡㻢㻚㻞㻣 㻝㻡㻚㻝㻣㻣㻣 㻢 㻝㻡㻜㻥㻚㻜㻟 㻠㻢㻚㻤㻡㻞㻢
㻣 㻝㻠㻡㻣㻚㻥㻞 㻢㻡㻚㻢㻠㻝㻞 㻤 㻝㻟㻣㻡 㻡㻜㻚㻜㻡㻞㻟
㻥 㻝㻞㻡㻜㻚㻢㻝 㻞㻜㻚㻞㻤㻜㻢 㻝㻜 㻝㻝㻤㻞㻚㻝㻡 㻟㻝㻚㻣㻞㻣㻤
㻝㻝 㻝㻜㻟㻢㻚㻡㻡 㻟㻥㻚㻞㻝㻜㻥 㻝㻞 㻥㻤㻡㻚㻠㻠㻣 㻢㻠㻚㻠㻝㻤㻞
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉


































㻝 㻞㻥㻣㻤㻚㻡㻞 㻝㻢㻚㻢㻣㻡㻣 㻞 㻞㻥㻟㻤㻚㻜㻞 㻞㻜㻚㻝㻣㻠㻡
㻟 㻝㻣㻝㻢㻚㻟㻠 㻟㻚㻟㻣㻝㻟㻤 㻠 㻝㻢㻡㻜㻚㻣㻣 㻞㻣㻚㻟㻢㻣㻢
㻡 㻝㻡㻠㻡㻚㻢㻣 㻢㻚㻤㻠㻜㻟㻟 㻢 㻝㻠㻠㻣㻚㻟㻝 㻟㻤㻚㻞㻥㻢
㻣 㻝㻟㻢㻣㻚㻞㻤 㻞㻡㻚㻤㻥㻜㻣 㻤 㻝㻞㻢㻡㻚㻜㻣 㻞㻟㻚㻡㻥㻞㻥
㻥 㻝㻝㻤㻡㻚㻜㻠 㻝㻥㻚㻠㻥㻣㻞 㻝㻜 㻝㻜㻟㻢㻚㻡㻡 㻟㻣㻚㻣㻥㻞㻥
㻝㻝 㻥㻤㻡㻚㻠㻠㻣 㻠㻤㻚㻤㻣㻝
㼇㻌䝢䞊䜽᳨ฟ⤖ᯝ㻌㼉











































































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢺䢰䢳䢹䢵 41739739 51.665 2415087 41.543
䢻䢰䢵䢲䢲 39050127 48.335 3398397 58.457
剖剂剒剫













































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢺䢰䢳䢴䢲 90933091 96.743 4620334 93.259
䢻䢰䢴䢺䢹 3061339 3.257 333957 6.741
剖剂剒剫

























































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢺䢳䢵 97948100 98.432 5988948 98.469
䢺䢰䢳䢶䢹 1560062 1.568 93146 1.531
剖剂剒剫













































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢺䢸䢲 29713435 56.313 2454743 65.594
䢺䢰䢳䢸䢲 23051554 43.687 1287594 34.406
剖剂剒剫


























































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢳䢳䢰䢳䢺䢹 22414930 99.673 614193 99.649
䢳䢷䢰䢷䢸䢲 73638 0.327 2162 0.351
剖剂剒剫
























































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢳䢳䢰䢴䢲䢹 5350560 52.004 146661 58.600
䢳䢷䢰䢷䢺䢲 4938117 47.996 103612 41.400
剖剂剒剫



















































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢳䢲䢹 9143298 38.211 824278 41.171
䢹䢰䢲䢻䢵 14785106 61.789 1177796 58.829
剖剂剒剫



















































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢲䢺䢲 38566826 99.555 3456524 99.498
䢹䢰䢲䢹䢵 172241 0.445 17427 0.502
剖剂剒剫






















































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢹䢰䢲䢲䢲 54681665 50.209 2938591 53.474
䢺䢰䢲䢸䢹 54227310 49.791 2556788 46.526
剖剂剒剫













































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢹䢰䢲䢴䢲 14554331 95.658 760658 95.904
䢺䢰䢳䢳䢵 660650 4.342 32490 4.096
剖剂剒剫

























































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢶䢵䢵 27334769 45.686 1617070 50.014
䢹䢰䢷䢺䢲 32496777 54.314 1616141 49.986
剖剂剒剫













































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢶䢸䢹 17812083 95.006 1021816 95.571
䢹䢰䢸䢸䢹 936217 4.994 47359 4.429
剖剂剒剫


























































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢹䢵䢵 47032411 52.532 2682869 56.430
䢹䢰䢸䢸䢹 42498439 47.468 2071487 43.570
剖剂剒剫













































ಖᣢ᫬㛫 㠃✚ 㠃✚凘 㧗傻 㧗傻凘
䢸䢰䢹䢳䢵 69054800 96.342 3797115 96.225
䢹䢰䢸䢶䢹 2622062 3.658 148977 3.775
剖剂剒剫










































































































































Formal Synthesis of Ezetimibe Using a Proline-mediated,
Asymmetric, Three-component Mannich Reaction
Yasuharu Shimasaki, Seitaro Koshino, and Yujiro Hayashi*
Department of Chemistry, Graduate School of Science, Tohoku University, Aoba-ku, Sendai, Miyagi 980-8578
(E-mail: yhayashi@m.tohoku.ac.jp)
The formal total synthesis of ezetimibe was accomplished
using a proline-mediated, asymmetric, three-component
Mannich reaction as the key step. The two stereogenic centers
on the !-lactam skeleton of ezetimibe were controlled by the
syn-selective asymmetric Mannich reaction, followed by isomer-
ization.
Ezetimibe (ZETIAµ) (1) is a drug that shows strong
cholesterol inhibitory activity by blocking the transport of
cholesterol across the intestinal wall.1 1 has been commercial-
ized for the treatment of hyperlipidemia. The annual worldwide
sales of ZETIAµ in 2013 were $2.7 billion as well as $1.6
billion for VYTORINµ (a combination drug of ezetimibe and
simvastatin).2
1 possesses a !-lactam skeleton and three stereogenic
centers, including two contiguous chiral centers on the !-lactam
ring. Various syntheses of 1 have been reported,3!6 and the key
issue for the synthesis of 1 is how to establish two contiguous
stereogenic centers on the !-lactam. Most of the previous
syntheses employed a chiral auxiliary-based strategy4 or a chiral
pool-derived strategy5 to control the stereogenic centers at C3
and C4, or separation of the desired enantiomer by chromatog-
raphy using a chiral phase.6 However, if the stereogenic centers
of the !-lactam ring of 1 can be controlled using a chiral catalyst,
this can become a powerful method to synthesize 1. There is
only one catalytic method for the synthesis of the !-lactam ring
of 1, viz. that by Chmielewski and co-workers using an (R,R)-
Cr(salen) catalyst.3
We reported a proline-mediated, asymmetric, three-compo-
nent, cross-Mannich reaction in 2003,7 wherein a three-compo-
nent, one-pot reaction of two di!erent aldehydes and p-anisidine
proceeded in an excellent syn-selective and enantioselective
manner (eq 1). If this method can be applied to the synthesis of
the !-lactam core of 1, an e"cient and eco-friendly synthetic














syn:anti > 95:5, 71~ >99% ee
!1"
The retrosynthesis of 1 is outlined in Scheme 1. The
synthetic route from 2 to 1 has already been reported by
Schering-Plough Co.4a and Dr. Reddy’s Laboratories Ltd.4e The
trans-lactam 2 could be obtained via epimerization and func-
tional group transformation of the side chain of cis-lactams 3, 4,
and 5. We chose !CH2CO2Me, !CH2CH2OTHP, and !CH=CH2
as the R substituents of lactams 3, 4, and 5, which can be
easily converted to a carboxylic acid moiety by oxidation or
hydrolysis. cis-Lactams 3, 4, and 5 could be synthesized by
lactamization from carboxylic acids 6, 7, and 8. The cis-lactam
precursors 6, 7, and 8 would be prepared via an L-proline-
mediated, asymmetric, cross-Mannich reaction,7,8 followed by
oxidation.
One of the key reactions is the proline-mediated Mannich
reaction, but the e!ect of the substituent on aniline is hardly
known from the literatures.7,8 Generally, the electron-rich p-
methoxyphenyl substituent has been employed. Therefore, it is
unclear whether the Mannich reaction with 12 possessing an
electron-deficient p-fluorophenyl substituent would proceed
successfully.
Herein, we report the e"cient synthesis of the known key
intermediate 2.
Step A: Mannich reaction and oxidation step: In all cases of
aldehydes 9, 10, and 11, proline-mediated cross-Mannich
reaction in N-methylpyrrolidone (NMP) proceeded successfully
to a!ord the desired aldehydes (Table 1). We confirmed that in
the case of the electron-deficient p-fluorophenyl substituent, the
asymmetric Mannich reaction proceeded smoothly. The obtained
aldehydes were unstable; hence, they were immediately purified
through a short silica gel column and subjected to Pinnick!
Kraus oxidation.9 Even when 2-methyl-2-butene was used as a
scavenger for chlorine, which is produced during the Pinnick!
Kraus oxidation step, some by-product that was chlorinated at
the p-fluoroaniline moiety was obtained. For this reason, we
added the more electron-rich N,N-dimethylaniline as a scav-
enger, which could completely suppress the side reaction to



























3 R = CH2CO2Me
4 R = CH2CH2OTHP













6 R = CH2CO2Me
7 R = CH2CH2OTHP
8 R = CH=CH2
9 R = CH2CO2Me
10 R = CH2CH2OTHP







Scheme 1. Retrosynthetic analysis of ezetimibe (1).
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When 4-pentenal (11) was used as a Mannich donor, the
diastereoselectivity of 8 was better than those of 6 and 7, and the
enantioselectivity of 8 was good (syn/anti = 92/8, 82% ee). The
reason for the lower diastereoselectivity of 6 and 7 would be the
bulkiness of the R group on 9 and 10. When the R group is bulky,
it is di"cult to form the rigid transition state shown in Figure 1.
Compared with the case using a p-methoxyphenyl substitu-
ent in eq 1, the stereoselectivity of 8 is slightly lower. In case
a p-methoxyphenyl substituent is used, a strong hydrogen
bond can be formed between the formed imine and enamine to
give high stereoselectivity. On the other hand, in case a p-
fluorophenyl substituent is used, the hydrogen bond would be
weaker than that in the p-methoxyphenyl substituent case, which
might decrease the stereoselectivity of 8. With the desired
carboxylic acid 8 in hand, we attempted further transformations.
Step B: Lactamization step: Carboxylic acid 8 was
lactamized with SOCl2 and Et3N to give cis-!-lactam 5 along
with trans-lactam 16 (99%, cis/trans >95/5), which was
removed by column chromatography because trans-lactam 16
had a low ee value (60% ee). Lactamization of carboxylic acids
6 and 7 gave 3 and 4 in poor yield, probably because of the
bulkiness of the R group.
Step C: Epimerization step: The substituent at C3 on the !-
lactam ring greatly a!ects isomerization. According to Burnett’s
report,10 cis-lactam 17 possessing a 3-phenylpropyl substituent
is easily converted to trans-lactam 18 with a catalytic amount of
t-BuOK in THF (eq 2); however, in the case of cis-lactam 3, the
epimerization did not proceed at all, even in the presence of an














In the case of cis-lactam 4, the addition of 1.0 equiv and
3.3 equiv t-BuOK in THF resulted in no reaction. The addition
of t-BuOH as a proton source was not e!ective at all. In contrast,
the addition of 1,3-dimethyl-2-imidazolidinone (DMI) promoted
epimerization to a!ord trans-lactam 15 as the major product.
However, the yield is not su"cient because of side reactions
such as hydrolysis of the !-lactam ring. The cause of the low
reactivity of 3 and 4 would be the bulkiness of the R substituent.
The epimerization of cis-lactam 5, which has a less bulky R
substituent, successfully proceeded to provide the desired trans-
lactam 16 as the major compound (cis/trans = 22/78) without
hydrolysis. trans-Lactam 16 was separated from cis-5 by column
chromatography.
Further transformation to carboxylic acid 2 was as follows
(Scheme 2): hydroboration of 16 with 9-BBN followed by
TEMPO oxidation11 successfully gave the known intermediate
2. The ee value of 2 was determined after conversion to the
corresponding methyl ester (80% ee, see Supporting Informa-
tion) and our previous work on the Mannich reaction7a predicts
that the absolute stereochemistry of 2 is 3R, 4S. The 1HNMR
spectrum is in good agreement with that of the literature.12 It was
confirmed that the enantiomeric excess did not change during
the transformation from 8 to 2. Conversion of 2 to 1 is known.
Thus, the formal synthesis of 1 has been achieved.
Table 1. Synthesis of trans-lactams 14, 15, and 16













12 139 R = CH2CO2Me
10 R = CH2CH2OTHP







6 R = CH2CO2Me
7 R = CH2CH2OTHP
8 R = CH=CH2
3 R = CH2CO2Me
4 R = CH2CH2OTHP













14 R = CH2CO2Me
15 R = CH2CH2OTHP
16 R = CH=CH2
Step A Step B Step C
Step Aa Step Bc Step Cd
Entry Aldehyde Time/h Yield/%f syn/antig ee/%h SMe Time/h Yield/%j cis/transk SMe Time/h Yield/%j cis/transk
1 9 26 55 84/16 n.d.i 6 3 71 89/11 3 ® 0 ®
2 10 20 49 71/29 n.d.i 7 5 43 65/35 4m 0.5 53 23/77
3b 11 41 67 92/8 82 8 3 99 >95/5l 5 1.5 82 22/78
aMannich reaction: 4-(benzyloxy)benzaldehyde (1.0 equiv), p-fluoroaniline (1.1 equiv), L-proline (15mol%) in NMP (0.5M) at rt for 10!24 h; aldehyde
(3.0 equiv) at "20 °C for the indicated time; then the obtained !-amino aldehyde was immediately purified through a short column of silica gel. Pinnick!
Kraus oxidation: NaClO2, NaH2PO4, N,N-dimethylaniline, t-BuOH/H2O at 0 °C. See the Supporting Information for details. bMannich reaction: 4-
benzyloxybenzaldehyde (1.0 equiv), p-fluoroaniline (1.1 equiv), L-proline (15mol%) in i-PrOH (1.4M) at 55 °C for 12 h; concentration of reaction
mixture; then aldehyde (3.0 equiv) at "20 °C for the indicated time; the obtained !-amino aldehyde was immediately purified through a short column of
silica gel. cLactamization: SOCl2, Et3N in CH2Cl2 at room temperature. See the Supporting Information for details. dEpimerization: t-BuOK, MS3¡ in
THF at room temperature. eSM: starting molecule. fYield of isolated !-amino carboxylic acid as a mixture of diastereomers. gDetermined by analysis by
1HNMR spectroscopy. hDetermined by HPLC analysis on a chiral phase after NaBH4 reduction. See the Supporting Information for details. in.d.: not
determined. jYield of isolated !-lactam as a mixture of cis/trans isomers. kDetermined by analysis by 1HNMR spectroscopy. lee value of trans-isomer









R = MeO, F
Figure 1. Transition-state model.
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In conclusion, we have accomplished the formal total
synthesis of ezetimibe (1) using a proline-mediated, asymmetric,
three-component Mannich reaction and isomerization as key
steps. This is the first organocatalyst-mediated asymmetric
synthesis of the !-lactam ring in ezetimibe (1).
This work was supported by a Grant-in-Aid for Scientific
Research on Innovative Areas “Advanced Molecular Trans-
formations by Organocatalysts” from The Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan.
Supporting Information is available on http://dx.doi.org/
10.1246/cl.150916.
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Scheme 2. Synthesis of key intermediate 2. [a] ee value was
determined after conversion to corresponding methyl ester. See
Supporting Information for details.
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&Organocatalysis
Asymmetric Synthesis of Biaryl Atropisomers Using an
Organocatalyst-Mediated Domino Reaction as the Key Step
Yujiro Hayashi,* Akira Takikawa, Seitaro Koshino, and Keiichi Ishida[a]
Abstract: A three-pot synthetic method that features the
use of an organocatalyst as the key step was developed
for the preparation of biaryl atropisomers. The first reac-
tion is an asymmetric domino Michael–Henry reaction cat-
alyzed by diphenylprolinol silyl ether to afford the substi-
tuted nitrocyclohexanecarbaldehyde with four stereogenic
centers and one defined configuration of a stereogenic
axis with excellent enantioselectivity. Removal of the cen-
tral chirality from the domino products afforded biaryl
atropisomers having axial chirality with excellent enantio-
selectivity.
There has been great interest in axially chiral molecules[1] be-
cause of their wide application as chiral ligands, organocata-
lysts, and organic photo-driven molecular devices. Besides the
extensive research on asymmetric aryl coupling reactions cata-
lyzed by organometallic reagents,[2] several other methods
have been applied for their efficient synthesis. In recent years,
organocatalysts[3] in particular have been successfully em-
ployed in the enantioselective synthesis of axially chiral mole-
cules.[4] Chiral phosphoric acids,[5] chiral phase transfer cata-
lysts,[6] cinchona alkaloid-derived catalysts,[7] chiral squaramide-
derived catalysts,[8] thiourea catalysts,[9] peptides,[10] proline and
its derivatives[11] including diphenylprolinol silyl ether, have
been successfully employed in the synthesis of axially chiral
molecules.
Recently the synthesis of axially chiral molecules by chirality
conversion from central chirality to axial chirality has been re-
ported.[5e, 8a, 9, 12] For instance, Rodriguez’s group reported a
highly stereoselective synthesis of axially chiral biaryls from
naphthol derivatives by the transfer of the central chirality
during the oxidative aromatization step, in which the inter-
mediate, possessing central chirality, does not possess defined
configuration of a stereogenic axis because of the free rotation
around the C3–C1’ axis [Eq. (1)] .[8a]
Over the years, we have been investigating the develop-
ment of asymmetric reactions using diphenylprolinol silyl
ether, which was independently developed by our group[13]
and Jørgensen’s group.[14] In 2007, we reported the domino Mi-
chael–Henry reaction of nitroalkene and glutaraldehyde cata-
lyzed by this catalyst to afford the substituted nitrocyclohexa-
necarbaldehyde with excellent diastereo- and enantioselectivi-
ties.[15] In an initial study, 1-(o-bromophenyl)-2-nitroethene (1 a)
was employed as the Michael acceptor, and product 2 a was
obtained with excellent enantioselectivity and control of four
stereogenic centers (99 % ee, Scheme 1). It was recognized that
2 a could possess a defined configuration of a stereogenic axis
along the C2 and C1’ axis. That is, the NMR study indicated
that the product possesses a single conformer similar to 2 a
but not 2 a’ (vide infra). If the cyclohexane moiety of 2 a can
be converted into an aryl moiety by removing four stereogenic
centers, without distorting the defined configuration of a ste-
reogenic axis, a chiral biaryl atropisomer would be synthesized.
In this paper, the successful realization of this scenario is de-
scribed.
First, the transformation of aldehyde 2 a to the biaryl deriva-
tive 8 a was investigated. The challenge in this transformation
would be to competently preserve the defined configuration
of a stereogenic axis along the C2–C1’ bond during the entire
aromatization process. This challenge could be overcome by
employing mild reaction conditions. After several trials, it was
Scheme 1. Our hypothesis for the synthesis of an axially chiral molecule.
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successfully established a suitable pathway (Scheme 2). Alde-
hyde 2 a was protected as its dimethylacetal 3 a, which was
converted into acetate 4 a. In the succeeding elimination of
AcOH, the selection of an appropriate base is crucial. The reac-
tion proceeded only when KF[16] was employed among several
bases such as Et3N, pyridine, tBuOK, and basic Al2O3, affording
nitroalkene 5 a and allyl nitro compound 5 a’. Without purifica-
tion, Nef reaction of a mixture of 5 a and 5 a’ with dimethyl-
dioxirane (DMDO)[17] gave cyclohexenone 6 a in 71 % yield from
2 a, the optical purity of which was 99 %. Ketone 6 a was con-
verted into silyl enol ether 7 a in good yield (90 %) by treat-
ment with TBSOTf and Et3N. In the oxidative aromatization
from 7 a to 8 a, the choice of the appropriate oxidant was
found to be important. Thus, although insufficient yield (<
70 %) was observed when 2,3-dichloro-5,6-dicyano-p-benzoqui-
none (DDQ),[18] 2-iodoxybenzoic acid (IBX),[19] and PhI(OAc)2
[8a]
were used, a satisfactory result was obtained in the case of
MnO2 to afford 8 a in good yield (81 %). After conversion of 8 a
into aldehyde 10 a by the deprotection of acetal and tert-butyl-
dimethylsilyl (TBS) group, the enantiomeric excess of biaryl 8 a
was found to be 96 % (Scheme 3). Biaryl 10 a displays very
good stability with a barrier of rotation of 135.2 kJ molˇ1. Nota-
bly, biaryl 8 a was obtained with an excellent optical purity,
with almost no loss of the enantiopurity during the transfor-
mations from 2 a to 8 a, and that biaryl 8 a possesses the same
defined configuration of a stereogenic axis Sa as that of the
starting material 2 a (vide infra).
Biaryl atropisomer 8 a was synthesized with excellent enan-
tioselectivity from domino product 2 a in six steps by the re-
moval of the four stereogenic centers. Next, we set out to
reduce the number of pots used in the transformations from
2 a to 8 a based on the concept of pot economy[20] (Scheme 4),
because one-pot operations are an effective method both for
performing several transformations and forming several bonds
in a single pot, while at the same time eliminating several pu-
rification steps, minimizing chemical waste generation, and
saving time.
The initial acetylation and acetalization reactions proceeded
by using the same solvent, namely, CH2Cl2. For the next reac-
tion, EtOAc was found to be the best solvent. Thus, it was nec-
essary to evaporate the remaining CH2Cl2. Because acetate 4 a
is not stable under acidic conditions, it decomposed during
the evaporation. Therefore, 1 equivalent of KF was added to
neutralize the reaction medium. Successive elimination of
AcOH with KF, and Nef reaction also proceeded in the same re-
action vessel, affording 6 a in 64 % yield from 2 a, hence suc-
cessfully accomplishing four reaction steps in a single-pot op-
eration. In a separate reaction vessel, silyl enol ether formation
and oxidative aromatization using MnO2 led to biaryl 8 a in
76 % yield from 6 a. Thus, an efficient synthesis of 2 a to 8 a
was achieved through a two-pot operation involving six reac-
tion steps.
As biaryl atropisomer 8 a was synthesized from 1 a with ex-
cellent enantioselectivity by a cumulative three-pot operation
including the first domino reaction, the generality of these re-
actions was investigated (Table 1). In addition to bromo-substi-
tuted biphenyl (entry 1), iodo-substituted biphenyl was also
synthesized with excellent enantioselectivity (entry 2). A
methyl group is also a suitable substituent, and a biaryl atrop-
isomer with o-tolyl substituent can also be synthesized with
excellent enantioselectivity (entry 3). Moreover, these reactions
can also be applied to the synthesis of biaryl 8 d with a naph-
thyl substituent (entry 4).
The absolute configuration of methyl-substituted biaryl
atropisomer 8 c was determined as follows (Scheme 5). After
deprotection of acetal and silyl groups, the revealed hydroxy
group was converted into the corresponding methyl ether 11 cScheme 3. Transformation of 8 a to 10 a.
Scheme 2. Transformation of 2 a to 8 a.
Scheme 4. Two-pot transformation from 2 a to 8 a.
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by reaction with MeI and tBuOK. After reduction of 11 c to al-
cohol 12 c by NaBH4, it was treated with Ac2O and DMAP to
provide the known acetate 13 c[21] in 55 % yield over five reac-
tion steps. By comparing the optical rotation, 13 c was found
to possess Sa configuration.
To obtain some insights about the origin of observed axial
chirality in the biaryls, the conformation of some intermediates
of o-tolyl derivative 8 c was investigated. The peaks of 1H NMR
of 2 c and 6 c were sharp at room temperature (see the Sup-
porting Information), and the coupling constants and NOEs in-
dicated their conformations as shown in Figure 1, in which the
methyl group is oriented upward. The other conformer 2 c’, in
which Me is oriented downward, was not observed. Because
the sharp 1H NMR spectrum does not change at higher tem-
perature (100 8C), the bond rotation along the axis of C2 and
C1’ may be restricted within this temperature range. Owing
that final biaryl 8 c possesses Sa-axial chirality, the defined con-
figuration of a stereogenic axis in 2 c would be preserved
through 6 c to the biaryl 8 c.
Based on these results, the following mechanism is pro-
posed: domino product 2 c exists as a single defined configura-
tion of a stereogenic axis, namely as a sp3 šp2 atropisomer.
This defined configuration of a stereogenic axis is preserved
from cyclohexane 2 c to the chiral biaryl 8 c through 6 c with a
retention of the configuration in the following oxidation step
because of the mild reaction conditions. However, the possibil-
ity of another mechanism of the central to axial chirality trans-
fer cannot be excluded.[22] Accordingly, the two conformers 2 c
and 2 c’ would be in equilibrium, and 2 c would be thermody-
namically more stable than 2 c’ with a low rotational barrier be-
tween 2 c and 2 c’. Axial chirality would be generated at the
oxidation step of MnO2, in which the precise oxidation mecha-
nism leading to the observed excellent enantioselectivity re-
mains unclear.
In summary, a three-pot sequence for the synthesis of axially
chiral biaryls 8 has been developed using an asymmetric Mi-
chael–Henry reaction of 2-(o-substituted phenyl)nitroethene
and glutaraldehyde catalyzed by an organocatalyst as the key
step. The first-pot operation featured a domino sequence of
Table 1. The generality of the three-pot synthesis of biaryl 8.[a]













1 5 52 64 99 76 96
2 5 48 64 98 79 98
3 24 44 61 99 52 98
4 24 46 56 98 65 95
[a] First-pot reaction: nitroalkene 1 (1.0 mmol), glutaraldehyde (3.0 mmol),
organocatalyst (0.1 mmol, 10 mol %), DMF (2.0 mL). Second-pot reaction:
acetylation: 2 (0.3 mmol), Ac2O (0.36 mmol), DMAP (0.06 mmol) and
CH2Cl2 (3.0 mL); acetalization: HC(OMe)3 (1.8 mmol), p-TsOH·H2O
(0.12 mmol) ; elimination of AcOH: KF (2.1 mmol) ; Nef reaction: tBuOK
(0.36 mmol), DMDO (0.33 mmol). Third-pot reaction: silyl enol ether for-
mation: 6 (0.1 mmol), TBSOTf (0.15 mmol), 2,6-lutidine (0.3 mmol) ; oxida-
tion: MnO2 (4.0 mmol). See the Supporting Information for more details.
[b] Isolated yield. [c] The ee value was determined by HPLC analysis on a
chiral column material. [d] Isolated yield of 6 from 2 over four steps.
[e] Isolated yield of 8 from 6 over two steps [f] The ee value was deter-
mined by HPLC analysis on a chiral column material after deprotection of
the dimethyl acetal and the silyl group.
Scheme 5. Determination of the absolute configuration of 8 c.
Figure 1. Conformation of 2 c and 6 c.
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Michael–Henry reactions catalyzed by diphenylprolinol silyl
ether to afford the substituted nitrocyclohexanecarbaldehyde
with four stereogenic centers and one defined configuration of
a stereogenic axis with excellent enantioselectivity. In the
second- and third-pot operations, removal of central chirality
from the domino products successfully proceeded to afford
biaryl atropisomers 8 with excellent enantioselectivity and ex-
clusive retention of the defined configuration of a stereogenic
axis.
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